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INTRODUCTION

The insulin-like growth factor I (IGF-I) receptor (IGF-IR) is a ubiquitous
multifunctional tyrosine kinase. IGF-IR regulates normal breast development; however,
hyperactivation of the same receptor has been implicated in breast cancer (1). Laboratory
studies demonstrated that IGF-IR stimulates the growth and survival in several breast cancer
cell lines and counteracts the effects of various anti-tumor treatments (1). The analysis of
clinical specimens suggested that overexpression of either IGF-IR or its major signaling
substrate IRS-1 in estrogen receptor alpha (ER)-positive breast tumors has been linked with
cancer recurrence at the primary site (1). Furthermore, high circulating levels of IGF-I (ligand of
IGF-IR) have been associated with increased breast cancer risk in premenopausal women (1).

Although current evidence suggests that abnormal activation of IGF-IR may contribute
to the autonomous growth and increased survival of primary ER-positive breast tumors, the
function of this receptor in breast cancer metastasis is not clear. For instance, some small
clinical studies demonstrated a correlation between IGF-IR expression in node-positive tumors
and worse prognosis. Other data linked IGF-IR expression with better clinical outcome, as
IGF-IR was predominantly expressed in a subset of breast tumors with good prognostic
characteristics (1). In the experimental setting, anti-IGF-IR strategies were successfully applied
to inhibit the growth and spread of human breast cancer xenografts, which implicated IGF-IR in
metastasis (1). Thus, understanding whether hyperactivation of IGF-IR could be a factor
promoting breast cancer metastasis is of great importance.

Our previous data demonstrated that overexpressed IGF-IRs not only promote breast
cancer cells growth, but also activate aggregation and prolong survival of detached cells (2). This
process was blocked with a specific antibody against E-cadherin (E-cad)—a major cell-cell
adhesion protein expressed by epithelial cells, suggesting that the E-cad complex mediates IGF-
IR effects (2, 3). The molecular mechanism of IGF-I-induced E-cad-dependent adhesion and the
significance in the process of metastasis have been unknown. Consequently, our goal was to
study the effects of IGF-I on the expression of E-cad and E-cad-associated proteins and to
determine the interactions of IGF-IR with these adhesion proteins. Moreover, we set out to
evaluate the importance of the IGF-IR/E-cad interactions in two processes involved in breast
cancer progression: antiestrogen resistance, migration, and invasion. In addition, because during
breast cancer progression both ER and E-cad are often lost or downregulated, we probed how

IGF-IR signaling and function can be affected by the lack of interactions with the ER and E-cad
systems.

TECHNICAL REPORT
This is a final report of research carried out in Years 1-4.

Project I: IGF-IR interactions with the E-cad complex.
The results summarized below are detailed in Mauro et al. 2001, 2003 (Ref. 3 and 4), reprints
provided in Appendix

The original application was based on our preliminary observations that ER-positive
MCF-7 breast cancer cells overexpressing IGF-IR exhibit increased aggregation in 3-dimensional
(3-D) culture (2). Our results implicated that IGF-IR-induced adhesion is mediated through the

4
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E-cad adhesion complex (2). Subsequent studies supported by this award demonstrated that
the levels of E-cad and its associated proteins (alpha-, beta-, and gamma-catenin) were not
affected by IGF-IR overexpression (4). However, the levels of ZO-1, a scaffolding protein
linking E-cad through alpha-catenin to the actin cytoskeleton, were significantly increased in
cells overexpressing IGF-IR (MCF-7/IGF-IR) (4). Additional experiments demonstrated that
Z0-1 mRNA was overexpressed in MCF-7/IGF-IR cells relative to MCF-7 cells (4). Further
analysis of interactions of IGF-IR with adhesion proteins revealed that IGF-IR co-precipitates
and co-localizes with E-cad and ZO-1 (3, 4). IGF-IR and ZO-1 also associated with alpha-
catenin. The amounts of IGF-IR/ZO-1/alpha-catenin complexes were greater in MCF-7/IGF-IR
then in MCF-7 cells (3). Cumulatively, these results suggested that IGF-IR overexpression or
activation upregulates ZO-1, which in turn leads to the strengthening of E-cad adhesion (4).

To confirm the observation that ZO-1 expression is necessary for cell-cell adhesion
induced by the IGF-IR, we employed anti-ZO-1 antisense strategy. We developed anti-ZO-1
antisense RNA construct and subsequently we created, by stable transfection, MCF-7/1GF-
IR/anti-ZO-1 cell lines. In these clones, the levels of ZO-1 were downregulated, whereas the
expressions of E-cad and IGF-IR were unchanged. The lower levels of ZO-1 in MCF-7/1GF-
IR/anti-ZO-1 cells coincided with reduced cell-cell adhesion (4).

After we elucidated the mechanism of IGF-IR-induced cell-cell adhesion, we studied
biological consequences of this phenomenon. We focused on two processes important in breast
cancer progression: antiestrogen resistance and invasion. In the studies of antiestrogen
resistance, we employed MCF-7 cells and MCF-7 cells overexpressing the IGF-IR (MCF-
7AGF-IR cells). The cells were grown in three-dimensional (3-D) culture. Under these
conditions, MCF-7 cells form small (~50 um in diameter) spheroids, while MCF-7/IGF-IR cells
aggregate into large (~300 um) spheroids. Both MCF-7 and MCF-7/IGF-IR spheroids are
viable for several days, and MCF-7/IGF-IR spheroids may even increase in size and cell
number during culture (2). Characteristically, the IGF-IR is constitutively activated in MCF-
7/IGF-IR spheroid cultures (4).

ICI 182,780, a pure antiestrogen, reduced the survival of MCF-7 spheroids by ~50%,
but had no effect on MCF-7/IGF-IR spheroids. However, when MCF-7/IGF-IR aggregates
were disrupted with EGTA or anti-E-cad antibody, ICI 182,780 was able to reduce the number
of cell (3). This suggested that IGF-IR-dependent cell-cell adhesion may represent a mechanism
of enhanced resistance to antiestrogen treatment. Our preliminary results indicated that despite
higher tyrosine phosphorylation of IGF-IR in MCF-7/IGF-IR spheroids, in both cell models,
the Akt survival pathway was activated to a similar extent under basal conditions and was
comparably inhibited by ICI 182,780 treatment (not shown).

Next, we probed the effect of IGF-IR-induced cell-cell adhesion on the invasive
potential of breast cancer cells. We used MCF-7/6 cells that are characterized by a moderate
invasive potential. The cells contain IGF-IR and express several elements of the E-cad complex
(3, 5, 6). It has previously been demonstrated that IGF-I treatment decreased invasiveness of
these cells through an  E-cad-dependent mechanism (5, 6). Using precultured chick heart
fragments (PHF) we investigated whether overexpression of IGF-IR in MCF-7/6 cells modifies
invasiveness. Two MCF-7/6/IGF-IR clones A6 and A9, obtained by stable transfection of
IGF-IR cDNA, were studied. The cells were first aggregated and then cultured in contact with
PHF for several days. The degree of breast cancer cell invasion into PHF was evaluated by
histology. The overexpression of IGF-IR significantly decreased invasiveness of MCF-7/6 cells
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bringing it to the levels comparable to that seen in MCF-7/AZ cells (non-invasive control,
similar to MCF-7 cells) (3).

Our observations on anti-invasive role of IGF-IR in MCF-7 cells were confirmed by
another group using MCF-7 cells with reduced levels of IGF-IR. Specifically, decreasing the
levels of IGF-IR resulted in reduced cell-cell adhesion and enhanced migration and invasion (7).

Cumulatively, our data suggest that in ER-positive, E-cad-positive breast cancer cells,
activation of IGF-IR promotes cell adhesion, which enhances cell survival and resistance to
antiestrogen treatment, but reduces cell invasion. This concurs with the results obtained with

tumor specimens where IGF-IR was found be co-expressed with ER and other good prognostic
markers (1).

Project II: Regulation of cell-cell adhesion by E2/IGF-I cross-talk

E2 treatment improves IGF-IR-induced cell-cell adhesion.

Because the expression of E-cad correlates with ER-positive status, we assessed the effects of
E2 on cellcell adhesion. The treatment with estradiol (E2) effectively stimulated cell
aggregation in 3-D culture and potentiated IGF-I effects, as measured by the number of large
spheroids [Tab.1]. The effect of E2 was blocked with the antiestrogen 182,780 [Tab. 1] and
required E-cad, as it was blocked with anti-E-cad Abs (data not shown), but it was not related
to increased expression of IGF-I or ZO-1 [Fig. 1]. The latter indicated that the mechanism of
the stimulation of cell-cell adhesion by E2 is different that that observed with IGF-1. Currently,
the studies are ongoing in our laboratory to determine the regulation of the proteins within the

E-cad complex by E2, and to define the molecular pathways of E2- and IGF-I-dependent cell-
cell adhesion.

Cells/Treatments

Spheroids

25 <50 ym 50 <100 pm > 100 pm
MCF-7 11.0£2.2 89+9.0 0+0.0
MCEF-7 +IGF-1 0.0£0.0 29439 64+12.1
MCF-7 + E2 5.9+3.5 40.7+2.1 45+12.9
MCF-7 + IGF-1 + E2 0.0+0.0 10.0+£6.5 109.9+0.0
MCF-7 +IGF-I + ICI 182,780 8.0+2.0 80.5+5.0 0.0%0.0

Tab. 1. Effects of E2 on cell aggregation in E-cad-positive breast cancer cells. The cells were
grown to 70-80% confluence, trypsinized, and plated as single cell suspension in 2%-agar-coated plates
at the concentration 2x10° cells per 100 mm culture dish. The cells were either left untreated in SFM or
were treated with 50 ng/ml IGF-I (IGF-I), 10 oM E2 (E2), 50 ng/nl IGF-T and 10 nM E2 (IGF-I + E2).
ICI 182,780 was used at 100 uM. To generate 3-D spheroids, the plates were rotated for 4 h at 37°C.
The spheroids started to assemble at ~1 h after plating and were completely organized after 3-4 h of
culture in suspension. The 3-D cultures were observed using a phase contrast microscope (Nikon or
Olympus). The extent of aggregation was scored at 1 day of treatment by measuring the spheroids with
an ocular micrometer. For each cell type, the spheroids of 25<50, 50<100, and >100 pm (in the
smallest cross-section) were counted in 10 different fields under 10x magnification.
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0 E2 IGF IGF+EL Fig. 1. Effects of E2 on ZO-1 and IGF-IR

e e el Quung 70)-| expression in MCF-7 cells in 3-D culture. The
o expression of ZO-1 and IGF-IR was studied by

PRI —— ¢ ] 4 Western blotting in 50 ug of protein lysates obtained
from cells cultured as 3-D spheroids in SFM, SFM plus
10 nM E2, SFM plus 50 ng/ml IGF-, or SFM plus 10
nM E2 and 50 ng/ml IGF-I for 24 h. Anti-IGF-IR
mAb (Calbiochem) and anti-ZO-1 mAb (Zymed) were
used as recommended by the manufacturer.
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The function of IGF-IR has also been addressed in E-cad-negative, ER-negative breast cancer
cells. ER-negative breast cancer cells often express low levels of the IGF-IR and fail to respond
to IGF-I with mitogenesis (1). On the other hand, anti-IGF-IR strategies effectively reduced
metastatic potential of different ER-negative cell lines, suggesting a role of this receptor in late
stages of the disease (1).

We examined IGF-IR signaling and function ~ in ER-negative MDA-MB-231 breast
cancer cells and their IGF-IR-overexpressing derivatives (8). We demonstrated that IGF-I acts
as a chemoattractant for these cells. The extent of IGF-I-induced migration reflected IGF-IR
levels and required the activation of PI-3K and p38 kinases. In contrast with the positive
effects on cell migration, IGF-I was unable to stimulate growth or improve survival in MDA-
MB-231 cells, while it induced mitogenic and anti-apoptotic effects in control MCF-7 cells.
Overexpression of IGF-IR also did not promote cell-cell adhesion in ER- and E-cad-negative
MDA-MB-231 cells (4). The impaired IGF-I growth response of ER-negative cells was not
caused by the low IGF-IR expression, defective IGF-IR tyrosine phosphorylation, or improper
tyrosine phosphorylation of IRS-1, but mapped downstream of IRS-1 (8). Detailed analysis
and time course experiments indicated that the defect is caused by the inability of cells to
sustain the activation of PI-3K/Akt pathway. Our results suggested that IGF-IR
growth/survival-related functions may depend on ER expression, but non-mitogenic activities
such as migration can be initiates regardless of ER status.

Key Research Accomplishments:

e Demonstrated differential function and signaling of IGF-IR in ER-positive and ER-negative
breast cancer cells.

e Demonstrated that strong  cell-cell adhesion induced by the activated IGF-IR in ER-
positive, E-cad-positive breast cancer cells reduced sensitivity of cells to antiestrogens and
inhibited cell invasion in organ culture.

o Demonstrated that in ER-negative, E-cad-negative breast cancer cells, IGF-IR is not
mitogenic but retains the ability to stimulate migration.

e Provided evidence that IGF-IR can become a pharmaceutical target in breast cancer,
especially in ER-positive tumors.
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Reportable Outcomes:

1. Manuscripts, abstracts and scientific presentations:

Manuscripts:

Mauro, L., Surmacz. E. IGF-I receptor, cell-cell adhesion, tumor development and
progression.Histochem. J., submitted, 2003.

Surmacz, E. Growth factor receptors as therapeutic targets: Strategies to inhibit the insulin-like
growth factor I receptor. Oncogene, in press, 2003.

Morelli, C., Garofalo, C., Bartucci, M., Surmacz. E. Estrogen receptor-alpha regulates the
degradation of the insulin receptor substrates 1 and 2 in breast cancer cells. Oncogene,
22: 4007-4016, 2003.

Mauro, L., Salerno, M., Morelli, C., Boterberg, T, Bracke, M., Surmacz. E. Role of the IGF-I
receptor in the regulation of cell-cell adhesion. Implications in cancer development and
progression. J.Cell. Physiol. 194: 108-116, 2003.

Mauro, L., Bartucci, M., Morelli, C., Ando', S., Surmacz. E. IGF-I receptor-induced cell-cell
adhesion of MCF-7 breast cancer cells requires the expression of junction protein ZO-1.
J. Biol. Chem. 276: 39892-39897, 2001.

Bartucci, M., Morelli, C., Mauro, L., Ando', S., Surmacz, E. Differential insulin-like growth
factor I receptor signaling and function in estrogen receptor (ER)-positive MCF-7 and
ER-negative MDA-MB-231 breast cancer cells. Cancer Res. 61: 6747-6754, 2001.

Surmacz. E. Function of the IGF-IR in breast cancer. J. Mammary Gland Biol. Neopl., 5: 95-
105, 2000.

Abstracts (Presentations and Invited Talks):

Surmacz. E.. Morelli, C., Sisci, D., del Rincon, S., Garofalo, C. Estrogen stimulates nuclear
translocation of IRS-1 and IRS-1 modulates estrogen receptor-dependent transcription
in breast cancer cells. IV International Symposium on Hormonal Carcinogenesis,
Valencia, Spain, July 22-25, 2003.

Surmacz. E.. Morelli, C., Sisci, D., del Rincon, S., Garofalo, C. Estrogen stimulates nuclear
translocation of IRS-1 and IRS-1 modulates estrogen receptor-dependent transcription
in breast cancer cells. The Endocrine Meeting, Philadelphia, Pa, July 18-22, 2003
(speaker).

Mauro, L., Morelli, C., Bartucci, M., Ando, S., Surmacz. E. The mechanism of IGF-I receptor-
induced cell-cell adhesion of MCF-7 breast cancer cells. Era of Hope DOD Breast
Cancer Program Meeting, Orlando, FL, September 25-28, 2002

Surmacz, E. New aspects of IGF-I receptor signaling in ER-positive and ER-negative breast
cancer cells. AstraZeneca, Macclesfield, U.K., August 8, 2002 (invited speaker).

Morelli, C., Bartucci, M., Garofalo, C., Surmacz. E. Role of estrogen receptor-alpha in the
stability of insulin receptor substrates 1 and 2. Endocrinology Meeting, San Francisco,
CA June 22-26, 2002.
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Surmacz, E. IGF-I signaling in ER-positive and ER-negative breast cancer cells. Temple
University, Center for Neurovirology and Tumor Biology, Philadelphia, PA, April 11,
2002 (invited speaker).

Surmacz. E. Is IGF-IR involved in breast cancer? Oncology Group Meeting. Thomas J efferson
University, Philadelphia, Pa, June 28, 2001 (invited speaker).

Salerno, M., Mauro, L., Panno, M. L., Belizzi, D., Sisci, D., Miglietta, A., Surmacz E.. Ando',
S. Estradiol enhance IRS-1 gene expression and amplifies insulin signaling in ER-
positive breast cancer cells. The Endocrine Society 83" Annual Meeting. Denver, Co,
June 20-23, 2001.

Surmacz. E. Differential IGF-I signaling in ER-positive and ER-negative breast cancer cells.
Department of Radiology. University of Pennsylvania, Philadelphia, PA, May 16, 2001
(invited speaker).

Surmacz. E. IGF signaling in ER-negative breast cancer cells. Postgraduate School in Molecular
Pathology. University of Calabria, Italy, May 11, 2001 (invited speaker).

Surmacz, E. IGF-I receptor/estrogen receptor cross-talk in breast cancer. Postgraduate School in
Molecular Pathology. University of Calabria, Italy, May 10, 2001 (invited speaker).

Surmacz, E. Differential IGF-I receptor signaling in ER-positive and ER-negative breast cancer
cells. Kimmel cancer Center, Staff Seminar Series, Philadelphia, PA, April 9, 2001
(speaker).

Surmacz, E. Differential IGF-I receptor signaling in ER-positive and ER-negative breast cancer
cells. Temple University, Center for Neurovirology and Tumor Biology, Philadelphia,
PA, April 5, 2001 (invited speaker).

Surmacz. E. Role of the E-cadherin complex in breast cancer cell adhesion. Philadelphia Cadherin
Club Meeting. Lankenau Cancer Research Center, Wynnewood, PA, March 1, 2001
(invited speaker).

Surmacz, E. Differential IGF-IR function in ER-positive and ER-negative breast cancer cells.
AstraZeneca, Macclesfield, UK., September 18, 2000 (invited speaker)

Surmacz. E. Evolution of IGF-IR signaling during breast cancer progression. "IGFs and Cancer"
International Symposium, Halle, Germany, September 14-17, 2000 (invited speaker).

Morelli, C., Bartucci, M., Mauro, L., Ando' S., Surmacz, E. Insulin-like growth factor I receptor
(IGF-IR) signaling in metastatic breast cancer cells. The Endocrine Society Annual
Meeting, Toronto, Canada, June 21-24, 2000.

Surmacz. E. Insulin-like growth factor I signaling is regulated by estrogen receptor in breast
cancer cells. Era of Hope, Department of Defense Breast Cancer Research Program
Meeting, Atlanta, June 8-11, 2000.

Bartucci, M., Mauro, L., Salerno, M., Morelli, C., Ando', Surmacz, E. Function of the insulin-
like growth factor I receptor in metastatic breast cancer cells. Era of Hope, Department
of Defense Breast Cancer Research Program Meeting, Atlanta, June 8-11, 2000.

Surmacz. E. Is IGF-IR involved in breast cancer? Lankenau Cancer Research Center,
Wynnewood, PA, February 3, 2000 (invited speaker).

Surmacz. E. Insulin treatment and breast cancer. Novo Nordisk Pharmaceuticals. Princeton, NJ.,
January 25, 2000 (invited speaker).

Surmacz. E. IGF-IR and breast cancer. Department of Cellular Biology, University of Calabria,

Cosenza, Italy, December 9, 1999 (invited speaker)
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Bartucci, M., Mauro, L., Salerno, M., Morelli, C., Ando', S., Surmacz, E. Function of the
insulin-like growth factor I receptor in metastatic breast cancer cells. 22nd Annual
Breast Cancer Symposium. San Antonio, TX, December 8-11, 1999

Surmacz, E., Mauro, L., Ando', S. New insights into IGF-I-dependent regulation of cell-cell
adhesion in breast cancer cells. 5th International Symposium on IGFs. Brighton, U.K.,
October 31-November 4, 1999 (speaker)

Surmacz, E. IGF-IR signaling in breast cancer. University of Gent, Gent, Belgium, September
29, 1999 (invited speaker)

2. Patents and licenses: None

3. Degrees: N/A

4. Development of biologic reagents: None
5. Databases: None

6. Funding applied for:

2004-2009 NIH PO-1 "Cell Cycle Progression” Project 3 "New Aspects of
IGF-I/ER Crosstalk in Breast Cancer" $122,050/yr, Project 3
Leader (PI A. Giordano). Pending

2004-2009 NIH RO-1 "New interactions in ER/IGF-I crosstalk"
$200,000/yr, PI. Pending

7. Employment applied for: None

Conclusions

IGF-IR hyperactivation can improve cell survival and induce drug resistance in ER-positive
breast cancer cells. In part, this effect of IGF-IR is mediated through increased cell-cell
adhesion. Thus, IGF-IR could become a viable pharmaceutical target in ER-positive, E-cad-
positive breast tumors.
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Function of the IGF-I Receptor in Breast Cancer

Eva Surmacz!?

The insulin-like growth factor-I receptor (IGF-IR)? is a transmembrane tyrosine kinase regulat-
ing various biological processes such as proliferation, survival, transformation, differentiation,
cell-cell and cell-substrate interactions. Different signaling pathways may underlie these pleio-
tropic effects. The specific pathways engaged depend on the number of activated IGF-IRs,
availability of intracellular signal transducers, the action of negative regulators, and is influenced
by extracellular modulators. Experimental and clinical data implicate the IGF-IR in breast
cancer etiology. There is strong evidence linking hyperactivation of the IGF-IR with the
early stages of breast cancer. In primary breast tumors, the IGF-IR is overexpressed and
hyperphosphorylated, which correlates with radio-resistance and tumor recurrence. In vitro,
the IGF-IR is often required for mitogenesis and transformation, and its overexpression or
activation counteract effects of various pro-apoptotic treatments. In hormone-responsive breast
cancer cells, IGF-IR function is strongly linked with estrogen receptor (ER) action. The IGF-
IR and the ER are co-expressed in breast tumors. Moreover, estrogens stimulate the expression
of the IGF-IR and its major signaling substrate IRS-1, while antiestrogens downregulate
IGF-IR signaling, mainly by decreasing IRS-1 expression and function. On the other hand,
overexpression of IRS-1 promotes estrogen-independence for growth and transformation. In
ER-negative breast cancer cells, usually displaying a more aggressive phenotype, the levels
of the IGF-IR and IRS-1 are often low and IGF is not mitogenic, yet the IGF-IR is still
required for metastatic spread. Consequently, IGF-IR function in the late stages of breast
cancer remains one of the most important questions to be addressed before rational anti-IGF-
IR therapies are developed.

KEY WORDS: Breast cancer; insulin-like growth factor I receptor; IRS-1; estrogen-independence;
antiestrogen; metastasis.

INTRODUCTION cells. The actions of IGF-I in the adult are mediated

primarily by the type I insulin-like growth factor recep-

The insulin-like growth factors I and II (IGFs)
act as endocrine, paracrine or autocrine regulators of
various biological processes in normal and neoplastic

! Kimmel Cancer Institute, Thomas Jefferson University, 233 S
Tenth Street, BLSB 606, Philadelphia, Pennsylvania 19107.

2To whom correspondence should be addressed. e-mail:
surmacz1 @jeflin.tju.edu

3 Abbreviations: three-dimensional (3-D); amino acid; (aa); disease-
free survival (DFS); E-cadherin (E-cad); 17-beta estradiol (E2);
extracellular matrix (ECM); epidermal growth factor receptor
(EGFR); estrogen receptor (ER); histidine (His); insulin-like
growth factor (IGF); IGF-I receptor (IGF-IR); insulin receptor
(IR); insulin receptor substrate (IRS); lysine (Lys); overall survival

95

tor (IGF-IR), while IGF-II stimulates both the IGF-IR
and the insulin receptor (IR) (1,2). It has been well
established that in many cell types, activation of the
IGF-IR is essential for cell survival, transformation,
and hormone-independence—the processes that pro-

(OS); phosphatidylinositol-3 kinase (PI-3K); progesterone recep-
tor (PgR); protein kinase C (PKC); phosphotyrosine binding
domain (PTB); MCF-7 celis expressing anti-IRS-1 and anti-SHC
RNA, respectively (MCF-7/anti-IRS-1 and MCF-7/anti-SHC);
MCF-7 cells overexpressing the IGF-IR, IRS-1, and SHC, respec-
tively (MCF-7/IGF-IR, MCF-7/IRS-1, and MCF-7/SHC); serine
(Ser); src-homology 2 domain (SH2); src/collagen homology pro-
teins (SHC); Tamoxifen (Tam).
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mote tumorigenesis (3—6). During the past several
years, the impact of the IGF-IR on breast cancer devel-
opment and progression has also been recognized, pro-
viding a new direction for the design of anti-growth
factor compounds for breast cancer therapy.

IGF-IR EXPRESSION AND STRUCTURE

Almost all cell types, except hepatocytes and
T-lymphocytes, express the IGF-IR (1,3). The IGF-IR
is encoded by a 100 kb gene containing 21 exons
located on the distal arm of chromosome 15 (1,7). The
IGF-IR promoter region is GC-rich, and similar to
other housekeeping genes lacks TATA or CCAAT
boxes, but contains several sites for binding transcrip-
tional factors such as SP-1, E2F, and early growth
response (EGR) proteins (5,8,9). The expression of the
IGF-IR is regulated by different physiologic stimuli
and may be altered in certain pathologies (e.g., diabe-
tes, cancer). For instance, IGF-IR mRNA is enhanced
by growth hormone, follicle stimulating hormone,
luteinizing hormone, thyroid hormones, glucocorti-
coids, and estrogens (9). Moreover, different mitogens
(e.g., platelet-derived growth factor, fibroblast growth
factor) or oncoproteins (e.g., c-myb, hepatitis B Hbx)
can induce IGF-IR transcription. Conversely, IGF-IR
expression is downregulated by high concentrations of
IGF-II, interferon, antiestrogens, and tumor supressors
(e.g., Wilms’ tumor or p53 proteins) (4,8,9).

The major IGF-IR 11 kb transcript is translated
into a single 1,367 amino acid (aa) (180 kDa) precursor
protein, which is then cleaved to form 135 kDa alpha
and 90 kDa beta subunits. A mature IGF-IR is a hetero-
tetramer composed of two alpha and two beta subunits
linked by disulfide bonds (Fig. 1). The extracellular
alpha subunits are responsible for ligand binding. IGF-
IR beta subunits, which contain short transmembrane
and large intracellular segments, transmit ligand-
induced signal (1,7,9). Within the beta subunit, three
major domains have been recognized: a tyrosine kinase
domain, a juxtamembrane part, and the C-terminus,
each containing residues essential for different IGF-
IR functions (Fig. 1). Specifically, in the kinase
domain, the ATP binding site containing lysine (Lys)
1003 as well as the tyrosine (Tyr) cluster (Tyr 1131,
1135, 1136) are critical for the catalytic activity of the
receptor (5,9,10). In the juxtamembrane domain, Tyr
950 flanked by the NPEY motif is required for recruit-
ing major signaling substrates such as insulin receptor
substrates (IRS) 1-4 and src/collagen-homology (SHC)
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proteins (5,6,9,10). The C-terminus contains several
residues essential for IGF-I signaling, including Tyr
1250, Tyr 1251, a stretch of serines (Ser) 1280-1283,
histidine (His) 1293, Lys 1294, and Tyr 1316. In partic-
ular, the region between residues 1229 and 1245 has
been found necessary for the association of an adapter
GRB10, Tyr 1251 is required for binding a putative
substrate p28, Ser 1280-1283 are necessary to seques-
ter an adapter 14-3-3 epsilon, and Tyr 1316 is capable
of recruiting either p85 subunit of phosphatidyl inosi-
tol-3 kinase (PI-3K) or SHPTP2 phosphatase (5,9,10,
Baserga et al., unpublished data). According to recent
evidence, Tyr 1251 also appears to be indirectly
involved in binding of SHC to the IGF-IR (11).

The IGF-IR shares significant structural homol-
ogy with the IR. The kinase domains of these receptors
are 80-90% identical. Also, Tyr 950 of the IGF-IR
has its equivalent, Tyr 960, in the juxtamembrane
domain of the IR (7). Importantly, the C-terminal
regions of the receptors are quite different, sharing
only approximately 40% homology. The equivalents
of Tyr 1250 and 1251, Ser 12801283, and aa 1293—
1301 are not present in the IR. Consequently, it is
believed that the differences between biological
responses of the IGF-IR and IR are associated with
the induction of specialized signaling pathways arising
from the C-terminus (1,7,10).

IGF-IR SIGNALING

Upon ligand binding, IGF-IRs cluster and tyro-
sine kinase is activated leading to autophosphorylation
and transphosphorylation of beta subunits (1). Phos-
phorylation of specific Tyr and Ser residues creates
binding sites for IGF-IR signaling substrates. The best
known substrates are docking proteins IRS-1 and SHC.
Both bind Tyr 950 through their phosphotyrosine bind-
ing (PTB) domain (4,9).

IRS-1 is a remarkable effector of the IGF-IR,
capable of amplification and diversification of the sig-
nal because it can recruit various signaling molecules
and induce numerous cellular responses. IRS-1 con-
tains about 20 tyrosine phosphorylation sites which
can directly bind signaling molecules equipped with
phosphotyrosine binding domains, such as src-homol-
ogy 2 (SH2) domains. For instance, there are nine
YMXM motifs in IRS-1 that can attract the p85 subunit
of PI-3K via SH2-type interactions and other domains
recruiting SH2-containing adapters GRB2, Nck, and
Crk, SHP2 phosphotyrosine phosphatase, and Fyn
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Fig. 1. Structure of the IGF-IR. The key residues involved in IGF-IR signaling are indicated on
the left; the signaling elements binding to these regions of the IGF-IR are listed on the right.

kinase. Other partners of IRS-1, such as integrin av33
or the adapter 14-3-3, associate with the substrate
through unknown mechanisms (12).

The major pathway induced by tyrosine phos-
phorylation of IRS-1 involves PI-3K, whose down-
stream effectors are Ser/threonine kinases Akt, p70%¢,
and some isoforms of protein kinase C (PKC) (13).
PI-3K is involved in the regulation of mitogenesis,
metabolism, and actin cytoskeleton rearrangements,
and the PI-3K/Akt pathway has recently been recog-
nized as one of the most important signals ensuring
cell survival. One of the cellular targets of Akt is a
pro-apoptotic protein BAD, which induces cell death
when bound to anti-apoptotic proteins Bcl2 or Bely;.
The phosphorylation of BAD by Akt facilitates its
sequestration by 14-3-3 adapters and prevents
apoptosis. Another effector of Akt is p705¢ kinase
which activates expression of cyclin D1 initiating cell
cycle progression (13,14).

Association between IRS-1 and the GRB2/SOS
complex leads to the stimulation of the classic Ras/
MAP cascade of kinases, the pathway that is implicated
in a broad array of biological responses, including
cell growth and differentiation (12,15). The Ras/MAP
pathway can also be induced through Nck or Crk adapt-
ers binding to IRS-1 or by GRB2 binding to IGF-IR-
associated SHC proteins (6,12,15).

Three additional IRS proteins (IRS-2, -3, and -4)
exhibiting different degrees of structural homology to
IRS-1 have been cloned. The activities of IRS-1 and
IRS-2 appear to partially overlap; for instance, in IRS-
1-knock-out mice, IRS-2 substituted for IRS-1 func-
tion in stimulating PI-3K and activating glucose metab-
olism. However, in IRS-1-deficient fibroblasts, only
IRS-1, but not IRS-2, reconstituted cell cycle progres-
sion (12,13). The functions of IRS-3 and -4 are not
well understood. Similarly, the pathways initiated by
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the binding of GRB10 or 14-3-3 to the IGF-IR are
still obscure.

IGF-IR SIGNAL SPECIFICITY

Because the IGF-IR may regulate many, often
contradictory (e.g., growth vs. differentiation), pro-
cesses, it is of great importance to understand how
signal specificity is achieved. Here, I will focus on
IGF-IR-dependent survival, mitogenesis, and anchor-
age-independent growth, the most studied IGF effects.
The current view is that the IGF-I response is dictated
by the engagement of different sets of intracellular
pathways. Which pathways are stimulated depends on
(i) the number of activated receptors on the cell surface;
(ii) the availability of signaling substrates and receptor-
substrate binding sites; (iii) the abundance and activity
of negative regulators such as phosphatases; and (iv)
extracellular context, e.g., ligand availability or extra-
cellular matrix (ECM) components and their interac-
tion with cells.

The first point is best illustrated by the work of
Rubini ez al. (16) and Reiss et al. (17), who analyzed
the relationship between the number of IGF-IRs
expressed on the cell and IGF-I-induced biological
response. While activation of 2-10 X 103 receptors
stimulates tyrosine phosphorylation of IRS-1 as well
as activation of an early response gene c-myc, it is not
sufficient for SHC phosphorylation or the entry of cells
into the cell cycle. With 1.5 X 10* receptors, the cells
progress through the S phase, but they are not able to
complete cell division, and their survival ability under
anchorage-independence is minimal. The increase of
receptor expression to 2.2-6.0 X 10* receptors/cell
ensures phosphorylation of the major substrates, full
mitogenic response, and good survival, but produces
only a weak transforming activity (measured by growth
in soft agar). Activation of more than 1 X 10° IGF-
IRs provides signal strong enough to activate both
IRS-1 and SHC signaling pathways, stimulate cell divi-
sion, and support robust transformation (16,17). A
direct relationship between the number of stimulated
IGF-IRs and cell survival and/or tumorigenesis in ani-
mal models has been documented by the Baserga and
LeRoith laboratories (18,19). For instance, NIH 3T3
mouse fibroblasts expressing 1.9 X 10° IGF-IR/cell
form tumors in nude mice, while fibroblasts with lower
IGF-IR levels (1.6 X 10%) are nontumorigenic. In addi-
tion, the latency of tumor formation in vivo was
reduced with high doses (4—10 mg/kg) of endocrine
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IGF-I, suggesting that chronic stimulation of a high
number of IGF-IRs was critical for the onset of tumori-
genesis (19).

A mutational analysis has been performed to
determine whether various functions of the IGF-IR are
induced by overlapping or distinct pathways. In the
studies of Baserga et al., different mutant IGF-IRs
have been expressed in R-minus cells (derived from
IGF-IR knock-out mice), which allowed the analysis of
signaling pathways of the mutants without interference
from the endogenous wild-type IGF-IRs (10). This
work was complemented by O’Connor et al. who stud-
ied mutant receptors expressed in either hematopoietic
IRS-1-negative FL5.12 cells or apoptosis-prone Rat-
1/Myc fibroblasts, and by LeRoith et al. who used
NIH 3T3 fibroblasts for the analysis (5,6). All studies
demonstrated that a mutation in the ATP binding site
produced “dead” receptors incapable of signal trans-
mission. Replacement of all three Tyr 1131, 1135, and
1136, or Tyr 1136 alone, with phenylalanine produced
a receptor that was not mitogenic or transforming, but
it still induced an efficient survival signal. Mutations
in either Tyr 1131 or Tyr 1135 downregulated transfor-
mation without reducing cell growth. Tyr 950 in the
IGF-IR juxtamembrane domain was found necessary
for IRS and SHC association, and for induction of
mitogenic and transforming activity. Interestingly,
however, the IGF-IR/Tyr 950 mutant transmitted anti-
apoptotic signaling. This finding indicates that in addi-
tion to the classic IRS-1-dependent PI-3K/Akt path-
way, other survival pathway(s) emanate from the IGE-
IR (5,6,9,10).

Deletion of the entire C-terminus at aa 1229 pro-
duced a receptor that retained normal mitogenic func-
tion but was totally lacking transforming potential (20).
Subsequent detailed studies with mutant IGF-IRs
expressed in R-minus cells mapped the “transforming
domain” between residues 1245 and 1310, with Tyr
1251, Ser 12801283, His 1293, and Lys 1294 required
for transformation (10). Importantly, this region does
not have an exact counterpart in the IR. Indeed, the
expression of the IR or a chimeric IGF-IR containing
an IR C-terminus did not support soft agar growth of
R-minus cells (10). Notably, the IGF-IR transforming
signal appears to be truly unique, at least in mouse
fibroblasts, as overexpression of various growth factor
receptors, signaling molecules or oncogenes (except
for v-src), singly or in combination, did not restore
transformation in R-minus cells, while the IGE-IR did
(3,21). The mediators of the IGF-IR transforming path-
way are not yet known, but the adapters 14-3-3 and
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GRB10, which bind to the C-terminus, could be
involved.

Interestingly, the IGF-IR C-terminus also appears
to play a unique role in survival signaling. Mutants
with a deleted C-terminus (at residues 1229 or 1245)
retained or even amplified anti-apoptotic function,
while single mutations in Tyr 1251, His 1293, and Lys
1294 reduced survival (5). Consequently, it has been
suggested that the C-terminus is an intrinsic inhibitory
domain of the IGF-IR, while the residues Tyr 1251,
His 1293, Lys 1294 act as neutralizers of this pro-
apoptotic function. Indeed, expression of the C-termi-
nal 108 aa as a membrane-targeted protein resulted in
induction of apoptosis, and mutations in Tyr 1250/
1251 and His 1293/Lys 1294 abrogated this cytotoxic
activity (5).

To summarize, IGF-IR signals required for mito-
genesis, transformation, and survival are distinct but
partially overlap. For instance, no transforming activity
is seen in the absence of mitogenic activity. Transfor-
mation also seems to have some common pathways
with IGF-dependent survival. However, cell survival
can be induced by a weak signal which is not sufficient
for mitogenesis or transformation, while transforma-
tion requires strong IGF-IR activation and induction
of specific signals originating at the C-terminus.

The pathways mediating non-growth IGF-I
responses such as cell-cell or cell-substrate interactions
are less well characterized. Our preliminary data indi-
cate that in epithelial cells, intercellular adhesion
requires the tyrosine kinase domain as well as the C-
terminus of the IGF-IR, and depends on SHC but not
on IRS-1 signaling (4,22, Surmacz et al., unpublished
data). IGF-T-induced motility and reorganization of
actin cytoskeleton involves PI-3K and SHC activities,
and modification of proteins associated with focal
adhesions (22,23).

It is known that the IGF-IR response may be
cell-type specific (24). One mechanism ensuring such
specificity is the availability of intracellular signaling
intermediates. For instance, with the same cellular con-
tent of the IGF-IR, downregulation of IRS-1 expression
inhibits cell growth, transformation, and results in cell
death, while amplification of IRS-1 sensitizes cells to
low concentrations of IGF-I and enhances anchorage-
independent growth (22,25,26). On the other hand,
overexpression of SHC does not improve IGF-I-depen-
dent growth, but inhibition of SHC expression inhibits
cell growth, transformation, and to a lesser extent, cell
survival (22,27).
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Finally, the extracellular context plays a role in
IGF-I response, for instance, survival and growth of
cells adhering to a proper substrate is mediated through
the IRS-1 pathway, while the same pathway is much
less important in IGF-I-dependent protection from
apoptosis due to anchorage-independence (22,28,29).

Requirement for IGF-IR in Proliferation,
Transformation, and Survival of Breast
Cancer Cells

The critical role of the IGF-IR in breast cancer
growth, survival, and transformation has been well
documented in vitro and in animal models (Table I)
(4). Reducing ligand availability by excess IGF-BP1
or exposure to suramin blocked IGF-IR activation and
limited breast cancer cell proliferation. Furthermore,
inhibiting the expression of the IGF-IR with an anti-
sense-IGF-IR RNA, or its function with anti-IGF-IR
antibodies or dominant-negative mutants, resulted in
growth inhibition and reduced transforming potential
(4). Our studies with MCEF-7 breast cancer cell lines
expressing antisense-IRS-1 or antisense-SHC RNAs
(MCEF-7/anti-IRS-1 or MCF-7/anti-SHC cells) demon-
strated that both IRS-1- and SHC-dependent signals
are necessary for cell proliferation and transformation
(22). The critical role of IRS-1 (but not IRS-2) and
IRS-1 downstream pathways—Ras/MAP and PI-3K
in the growth of estrogen receptor (ER)-positive breast
cancer cells has recently been confirmed by the Yee
laboratory (30). Using dominant-negative IGF-IRs
lacking the C-terminus, we demonstrated that in breast
tumor cells, as in fibroblasts, the C-terminal portion
is essential for transformation in vitro and tumorigene-
sis in vivo (4).

Dunn et al. have shown that activation of the
IGF-IR protects breast cancer cells from apoptosis
induced by various therapeutic agents, serum depriva-
tion and irradiation (31). Our results with MCF-7 cells
in which IRS-1 has been downregulated by either anti-
sense-IRS-1 oligonucleotides, expression of antisense-
IRS-1 RNA, or antiestrogen treatment suggest that
the IRS-1/PI-3K signal is required for IGF-IR-induced
survival (22,25,32).

Amplification of IGF-IR Signaling and
Anchorage-Dependent and -Independent
Growth of Breast Cancer Cells

Further understanding of IGF-IR function in
breast cancer pathobiology stemmed from studies of
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Table I. IGF-IR Function in Breast Cancer
Signaling Function in breast cancer
molecule Experimental models Tumors
IGF-IR elevated in ER-positive breast cancer cells; stimulates proliferation; coun-  correlates with the ER status; elevated in primary
teracts apoptotic effects of anti-tumor drugs; improves 3-D growth and tumors; high levels correlate with radio-resis-
survival; regulates cell-substrate connections; required for anchorage- tance and recurrence at the primary site; usually
independent growth in vitro and tumorigenesis and metastasis in ani- co-expressed with markers of better overall
mal models. prognosis.
IRS-1 elevated in ER-positive breast cancer cells; required for anchorage-depen-  correlates with shorter DFS in ER-positive pri-
dent and independent growth; critical for survival; high levels induce mary tumors,
estrogen-independence and antiestrogen-resistance.
SHC required for proliferation, anchorage-independent growth, migration, and 7

cell-cell adhesion; high levels improve adhesion to fibronectin,

cells with amplified IGF-IR signaling. In order to cor-
relate the strength of the IGF signal with the progres-
sion towards a more neoplastic phenotype, we
developed a series of MCF-7-derived cell lines over-
expressing different levels of either the IGF-IR (MCF-
7/IGF-IR cells), IRS-1 (MCF-7/IRS-1 cells), or SHC
(MCF-7/SHC cells) (25,27,29).

Overexpression of the IGF-IR (8-50-fold) was
paralleled by enhanced IGF-IR tyrosine kinase activity
and hyperphosphorylation of IRS-1, even in the
absence of exogenous IGF-1. Compared to the parental
cells, all MCF-7/IGF-IR clones exhibited enhanced
autocrine growth in serum-free medium and improved
growth responsiveness to low concentrations of IGF
(0.1-1.0 ng/ml), especially in the presence of 10 nM
estradiol (E2). With higher doses of IGF-1 (4-50 ng/
ml), the synergistic effect was not seen and the maxi-
mal mitogenic effect was achieved with IGE-I alone
(29). Similar results were described by Daws et al.,
who independently developed IGF-IR overexpressing
MCF-7 clones (33). Interestingly, we as well as others
noticed that high doses of IGF-I (20-50 ng/ml) com-
bined with 10 nM E2 inhibited MCF-7/IGF-IR cell
growth, especially in the clones with the highest IGF-
IR levels (29,33).

Anchorage-independent growth of MCF-7/IGF-
IR cells treated with E2 was slightly elevated relative
to the parental cells, but this effect of IGE-IR overex-
pression was not present in cells treated with both E2
and IGF-I or cultured in serum-containing medium
(29,33).

In contrast with the modest effects of amplified
IGF-IR, overexpression of IRS-1 (1.5-9-fold) pro-
duced marked changes in the growth phenotype (25).
In MCF-7/IRS-1 cells, proliferation was enhanced

under all conditions studied (serum-free and serum-
containing medium, or serum-free medium with 20
ng/ml IGF); the addition of E2 never inhibited the
growth. Also, MCF-7/IRS-1 cells exhibited greatly a
enhanced potential for growth in soft agar, especially
in the presence of high (200400 ng/ml) doses of IGF-
L. Remarkably, this IGF-dependent transformation was
further potentiated with E2. The above effects were
correlated with the cellular levels of IRS-1 and the
extent of IRS-1 tyrosine phosphorylation (25).

Amplification of SHC in MCF-7 cells (two-
sevenfold) did not alter growth properties under stan-
dard monolayer or anchorage-independent conditions,
but it amplified cell-substrate interactions on fibronec-
tin (27).

IGF-IR/ER Cross-Talk

In hormone-dependent breast cancer cells, ER and
the IGF-IR are co-expressed and E2 acts in synergy
with IGF-I to stimulate proliferation (4). The effects
of E2 are mediated in part via sensitization of cells to
IGF action. E2 treatment up-regulates IGF-IR mRNA
and protein levels by two—tenfold, reflected in
enhanced IGF-IR tyrosine phosphorylation (4,34,35).
Furthermore, E2 significantly (two—fivefold) stimu-
lates the expression of IRS-1 in different ER-positive
cell lines, and the extent of this stimulation depends
on the cellular ER content (35, Surmacz et al., unpub-
lished data). Of note, E2 action appears to be at least
partially specific to the IGF-IR/IRS-1 pathway since
it does not modulate SHC levels (36).

Importantly, various antiestrogens such as
Tamoxifen (Tam) and its derivatives, droloxifene, and
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pure antiestrogens ICI 164,384 and ICI 182,780 inhibit
IGF-IR-dependent proliferation (4,32,36-38). We
demonstrated that at the molecular level, the anti-IGF-
IR actions of Tam and ICI 182,780 are accomplished
by downregulation of IRS-1/PI-3 kinase signaling
(32,36). Specifically, growth arrest and apoptosis
resulting from antiestrogen treatment were associated
with continuos suppression of IRS-1 mRNA and pro-
tein expression, reflected by reduced IRS-1 tyrosine
phosphorylation, decreased IRS-1/PI-3K binding and
reduced PI-3K activity (32,36). These anti-IRS-1
effects of ER antagonists were partially reversed in
the presence of IGF-I (36).

Antiestrogens also inhibit IGF-IR expression and
tyrosine phosphorylation (by 30-50%) but only in the
presence of IGF-I (32,36). In the absence of IGF-I,
Tam and ICI 182,780 enhance IGF-IR phosphoryla-
tion, which suggest that the drugs may act through
modulation of IGF-I-dependent phosphatases. Indeed,
the involvement of tyrosine phosphatases LAR and
FAP-1 in antiestrogen inhibition of IGF-dependent
growth has been demonstrated by the Vignon labora-
tory (39). Interestingly, in different antiestrogen-
treated cell lines, SHC expression or signaling were
not altered, while SHC tyrosine phosphorylation was
increased in Tam- but not in ICI 182,780-arrested
cells (32,36).

Because E2 upregulates IGF-IR signaling, it has
been postulated that amplification of the IGF-IR or its
key signaling substrates may lead to estrogen-indepen-
dence. In agreement with this hypothesis, MCF-7/IRS-
1 cells exhibited reduced estrogen requirements for
growth and transformation, and were not inhibited by
E2 alone or in combination with of IGF-1(25). Interest-
ingly, however, such estrogen-independence has not
been detected in MCF-7/IGF-IR cells (29,33). These
cells still appear to remain under ER control as their
growth is restrained by high doses of E2 in the presence
or absence of IGF-I. This finding suggests the exis-
tence of a negative growth regulatory loop which is
not operative in MCF-7/IRS-1 cells and may be trig-
gered by hyperactivation of IGF-I signaling pathways
not involving IRS-1.

The role of amplified IGF-IR signaling in the
development of antiestrogen-resistance is of particular
interest. We and others have shown that overexpression
of different IGF-IR signaling elements did not affect
ER content (25,29,33). However, MCE-7/IRS-1 clones
with very high IRS-1 levels (9 or 12-fold overexpres-
sion with respect to MCF-7 cells) exhibited resistance
to ICI 182,780, confirming that the IRS-1 pathway is
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an essential target for antiestrogens and suggesting
that overexpression of IRS-1 in tumors may hinder
antiestrogen therapy (36). Interestingly, in contrast
with IRS-1, overexpressed IGF-IRs (50-fold) or SHC
(fivefold) did not alter antiestrogen sensitivity in MCF-
7 cells (36).

IGF-IR-DEPENDENT CELL-CELL AND
CELL-SUBSTRATE INTERACTIONS IN
BREAST CANCER CELLS

Breast cancer cells, like other polarized epithelial
cells, are governed by cell-cell and cell-substrate inter-
actions. The regulation of these processes by growth
factors is now being increasingly recognized. We stud-
ied intercellular interactions of MCF-7 cells and their
derivatives with modified IGF-IR signaling. We found
that overexpression of the IGF-IR greatly enhanced
aggregation of cells in three-dimensional (3-D) culture
(29). Specifically, when plated on Matrigel, MCF-7/
IGF-IR cells formed large spheroids (150—-300 pm in
diameter) surviving or even proliferating for up to 20
days, while the parental MCF-7 cells formed smaller
clusters (50 wm) which disaggregated and died after
7 days of culture. Similar stimulation of cell-cell adhe-
sion has been described in IGF-I treated MCF-7 and
MCEF-7/6 cells as well as in MCF-7 cells constitutively
secreting IGF-I (4). Our subsequent research demon-
strated that enhanced cell-cell adhesion is IGF-I-spe-
cific as it cannot be induced by physiologic
concentrations of EGF, IGF-II or insulin (4). The
mechanism of this phenomenon is still not clear. We
have shown that the IGF-IR co-localizes with an
adherens junction protein E-cadherin and co-precipi-
tates with E-cadherin, a-catenin, and -catenin (4,29).
In addition, we obtained preliminary data suggesting
that the IGF-IR stimulates the expression of a junction
protein ZO-1, thereby strenghtening the a-catenin/ZO-
1/F-actin connections (Surmacz et al., in preparation).
The signals required for cell-cell adhesion depend on
IGF-IR tyrosine kinase activity and the presence of
the C-terminus (4, Surmacz et al., in preparation).
We also observed that cell-cell adhesion is reduced
in MCE-7/anti-SHC, but not MCF-7/anti-IRS-1 cells,
which points to SHC as a putative mediator of IGF-
induced aggregation (22).

The enhanced intercellular connections and
improved survival of IGF-IR overexpressing cells may
contribute to their tumorigenic activity in vivo. Indeed,
when MCFE-7/IGF-IR cells were injected into mam-
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mary fat pad of nude mice, they formed tumors after
8 weeks, while the parental MCF-7 cells or MCFE-7
clones expressing an IGF-IR with a C-terminal trunca-
tion were non-tumorigenic (Surmacz et al, in
preparation).

Cell-substrate adhesion and migration of epithe-
lial cells is also regulated by IGF-I. For instance, depo-
larization of MCF-7 and MCF-7/IGF-IR cells and
induction of cell migration can be achieved with a 4
hour treatment with 50 ng/m1 IGF-I. The initial stages
of this process are associated with transient dephos-
phorylation of the focal adhesion proteins FAK, paxil-
lin and p130 Cas (23). IGF-IR pathways involved in
the regulation of breast cancer cell motility are still
quite obscure, but we observed reduced migration of
MCEF-7 cells with impaired SHC or PI-3K signaling
(22,23).

Obviously, extracellular cell context may dictate
whether cellular response to IGF-1 involves increased
cell-cell adhesion or enhanced migration. Increased
intercellular adhesion may be seen in cells expressing
low levels of integrins necessary for attachment to
a given ECM substrate, whereas enhanced migration
occurs when the cells interact well with a substrate, or
produce sufficient amounts of their own ECM (23,28).

IGF-IR Signaling in Breast Tumors

Studies on IGF-IR expression in breast tumors
and its correlation with other host or tumor parameters
are very limited (4). Moreover, the interpretation of the
available data is complicated by the fact that different
techniques were used to assess the IGF-IR levels. The
most frequently performed IGF-I binding assay is
inherently inaccurate due to the interaction of IGF with
membrane IGFBPs, often resulting in overestimation
of the number of the IGF-IR (4). To circumvent this
problem, the expression of IGF-IR in tumor samples
was examined with anti-IGF-IR antibody-based tech-
niques (radioimmunoassay or immunocytochemistry)
(40,41). Despite the differences in experimental
approach, in all large series studies (>>100 cases) the
IGF-IR has been detected in a majority of breast tumor
samples (4,42,43).

Most important, IGF-IR levels have been found
to be elevated (up to 14-fold) in primary breast cancer
compared to non-malignant tumors or normal epithe-
lium (40-43) (Table I). The mechanism of the common
IGF-IR overexpression in breast cancer is not clear,
but it does not appear to be associated with IGF-IR
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gene amplification since this event was reported in
only 2% of cases analyzed (44). Recent data indicate
that IGF-IR overexpression may be related to de-
repression of IGF-IR transcription due to aberrant
expression of the tumor supressor protein p53
(40,45,46). Overexpression of the IGF-IR in tumors
has been found to be associated with hyperactivation
of the tyrosine kinase (up to sixfold), and correlated
with radio-resistance and tumor recurrence at the pri-
mary site (40,41). High IGF-IR levels in primary
tumors have been reported as predictors of shorter
disease-free survival, but data on the prognostic value
of the IGF-IR for overall survival are conflicting
(441).

Importantly, not only the IGF-IR, but also IRS-
1 has been found to be overexpressed in a fraction of
primary breast tumors (35,47). High levels of IRS-1
correlated with shorter disease-free survival in ER-
positive tumors (35). The mechanism of IRS-1 overex-
pression is not known, but it could be associated with
E2 or IGF activity since both mitogens are known to
stimulate IRS-1 transcription and both can be found
(often at superphysiological concentrations) in breast
tumors.

Attempts to correlate IGF-IR expression with
other host or tumor variables showed a positive link
between the IGF-IR and ER status (4,42,43). In addi-
tion, frequent co-expression of the IGF-IR and IR has
been shown (42). Co-expression of these structurally
homologous receptors leads to the formation of func-
tional hybrids which bind IGF-I with high affinity, and
thereby amplify the IGF-I signal (48).

In several large series analyses, no significant
correlations were found between IGF-IR expression
and menopausal status (42), body weight (42), tumor
size (42,43), tumor grade (42,49,50), histological type
(42,43), node status (42,43,49,50), or EGFR status
(49), and the link with the progesterone receptor (PgR)
status is uncertain (4,42, 43,49-51). However, because
most of these associations were established based on
IGF-I binding assays, they should be re-assessed using
more accurate techniques of IGF-IR measurement
before any firm conclusions can be drawn.

The expression of IRS-1 correlated with ER levels
but not with other parameters such as age, tumor size,
or PgR status (35,47). The levels of another IGE-IR
substrate, SHC, are similar in aggressive and more
differentiated breast cancer cell lines, but its activity
(tyrosine phosphorylation) in cell lines and tumors
reflects the levels of oncogenic kinases ERB2 or c-src
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(27,52,53). SHC association with IGF-IR in breast
tumors has not been studied.

The Unclear Role of the IGF-IR in Breast
Cancer Progression

The experimental and clinical evidence points to
the fact that the IGF-IR may be important in early
steps of tumor development, promoting cell growth,
survival, and resistance to therapeutic treatments.
However, the function of the IGF-IR in the later stages,
including metastasis, is still obscure.

Especially intriguing is the fact that, whereas the
IGF-IR has been found to be overexpressed in primary
tumors, its levels, like ER levels, appear to undergo
reduction during the course of the disease. For instance,
Pezzino et al. assessed IGF-IR status in two patient
subgroups, representing either a low risk (ER- and
PgR-positive, low mitotic index, diploid) or a high risk
(ER- and PgR-negative, high mitotic index, aneuploid)
population and found a highly significant correlation
between IGF-IR expression and better prognosis (42).
Similar conclusions were reached by Peyratt and Bon-
neterre (43). Therefore, it has been proposed that like
the ER, the IGF-IR marks more differentiated tumors
with better clinical outcome. However, it has also been
argued that the IGF-IR may play a role in early steps
of tumor spread since node-positive/IGF-IR-positive
tumors appeared to have a worse prognosis than node-
negative/IGF-IR-positive tumors (49). In addition,
quite rare cases of ER-negative but IGF-IR-positive
tumors are associated with shorter disease-free sur-
vival (48).

In breast cancer cell lines, a hormone-dependent
and less aggressive phenotype correlates with a good
expression of the IGF-IR and IRS-1 (29,35). In con-
trast, highly metastatic ER-negative breast cancer cell
lines express low levels of the IGF-IR and often do
not respond to IGF-I with growth (54,55). Similarly,
IRS-1 levels are downregulated in a majority of these
cell lines (35,55). Despite this “IGF-IR-reduced pheno-
type”, metastatic cell lines appear to depend on the
IGF-IR. For instance, blockade of the IGF-IR in MDA-
MB-231 cells by anti-IGF-IR antibody reduced migra-
tion in vitro and tumorigenesis in vivo, and expression
of a soluble IGF-IR in MDA-MB-435 cells impaired
growth, tumorigenesis and metastasis in animal models
(56-58). Whether this particular IGF-I-dependence of
metastatic breast cancer cells relates to the survival
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function of the IGF-IR is under investigation in our
laboratory.

CONCLUSIONS

Over the past few years much has been learned
about the function of the IGF-IR in the process of
tumorigenesis. Clearly, IGF-IR-mediated survival and
transformation are key factors affecting tumor devel-
opment. In primary breast cancer, high levels of the
IGF-IR may promote survival and proliferation, coun-
teracting cytotoxic or cytostatic effects of drugs or
radiation. The mechanism of this IGF-I action includes
strengthening intercellular connections, amplification
of anti-apoptotic signals, and sensitization of cells to
low concentrations of IGFs and E2. Therefore, tar-
geting the IGF-IR, especially the IGF-IR/IRS-1 path-
way, should help in eradicating primary tumor cells.

The importance of the IGF-IR in metastatic breast
disease is still not clear. It is possible that the IGF-IR
has a role in cell spread, functioning primarily as an
anti-apoptotic, and possibly a motogenic factor.
Unquestionably, further understanding of IGF-IR func-
tion in metastatic cells will be critical in creating suc-
cessful anti-IGF-IR therapies for late stages of
breast cancer.
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ABSTRACT

The insulin-like growth factor I receptor (IGF-IR) is a ubiquitous and
multifunctional tyrosine kinase that has been implicated in breast cancer
development. In estrogen receptor (ER)-positive breast tumors, the levels
of the IGF-IR and its substrate, insulin-receptor substrate 1 (IRS-1), are
often elevated, and these characteristics have been linked with increased
radioresistance and cancer recurrence. In vitro, activation of the IGF-IR/
IRS-1 pathway in ER-positive cells improves growth and counteracts
apoptosis induced by anticancer treatments. The function of the IGF-IR in
hormone-independent breast cancer is not clear. ER-negative breast can-
cer cells often express low levels of the IGF-IR and fail to respond to IGF-I
with mitogenesis. On the other hand, anti-IGF-IR strategies effectively
reduced metastatic potential of different ER-negative cell lines, suggesting
a role of this receptor in late stages of the disease.

Here we examined IGF-IR signaling and function in ER-negative
MDA-MB-231 breast cancer cells and their IGF-IR-overexpressing deriv-
atives. We demonstrated that IGF-I acts as a chemoattractant for these
cells. The extent of IGF-I-induced migration reflected IGF-IR levels and
required the activation of phosphatidylinositol 3-kinase (PI-3K) and p38
kinases. The same pathways promoted IGF-I-dependent motility in ER-
positive MCF-7 cells. In contrast with the positive effects on cell migra-
tion, IGF-I was unable to stimulate growth or improve survival in MDA-
MB-231 cells, whereas it induced mitogenic and antiapoptotic effects in
MCEF-7 cells. Moreover, IGF-I partially restored growth in ER-positive
cells treated with PI-3K and ERKI/ERK2 inhibitors, whereas it had no
protective effects in ER-negative cells. The impaired IGF-I growth re-
sponse of ER-negative cells was not caused by a low IGF-IR expression,
defective IGF-IR tyrosine phosphorylation, or improper tyrosine phos-
phorylation of IRS-1. Also, the acute (15-min) IGF-I activation of PI-3 and
Akt kinases was similar in ER-negative and ER-positive cells. However, a
chronic (2-day) IGF-I exposure induced the PI-3K/Akt pathway only in
MCF-7 cells. The reactivation of this pathway in ER-negative cells by
overexpression of constitutively active Akt mutants was not sufficient to
significantly improve proliferation or survival (with or without IGF-I),
which indicated that other pathways are also required to support these
functions.

Our results suggest that in breast cancer cells, IGE-IR can control
nonmitogenic processes regardless of the ER status, whereas IGF-IR
growth-related functions may depend on ER expression.

INTRODUCTION

The IGF-IR? is a ubiquitous, transmembrane tyrosine kinase that
has been implicated in different growth-related and growth-unrelated

Received 8/18/00; accepted 7/17/01.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported by Department of Defense Breast Cancer Research Program
Grants DAMD17-96-1-6250, DAMD17-97-1-7211, and DAMD-17-99-1-9407 and by the
American-Italian Cancer Foundation.

2 To whom requests for reprints should addressed, at Kimmel Cancer Center, Thomas
Jefferson University, 233 South Tenth Street, BLSB 631, Philadelphia, PA 19107. Phone:
(215) 503-4512; Fax: (215) 923-0249; E-mail: surmacz1 @jeflin.tju.edu.

3 The abbreviations used are: IGF-IR, insulin-like growth factor I receptor; IRS-1,
insulin-receptor substrate 1; ER, estrogen receptor; GFP, green fluorescent protein; mAb,
monoclonal antibody; WB, Western blot; CS, calf serum; IP, immunoprecipitation; pAb,
polyclonal antibody; MAPK, mitogen-activated protein kinase; PI-3K, phosphatidylinosi-

processes critical for the development and progression of malignant
tumors, such as proliferation, survival, and anchorage-independent
growth, as well as cell adhesion, migration, and invasion (1, 2).

The IGF-IR is necessary for normal breast biology, but recent
clinical and experimental data strongly suggest that the same receptor
is involved in the development of breast cancer (1, 3). The IGF-IR is
overexpressed (up to 14-fold) in ER-positive breast cancer cells
compared with its levels in normal epithelial cells (1, 4, 5). The
elevated expression and hyperactivation of the IGF-IR has been linked
with increased radioresistance and cancer recurrence at the primary
site (4). Similarly, high levels of IRS-1, a major signaling molecule of
the IGF-IR, correlated with tumor size and shorter disease-free sur-
vival in ER-positive tumors (6, 7).

IGF-IR ligands, IGF-I and IGF-II, are strong mitogens for many
hormone-dependent breast cancer cell lines and have been found in
the epithelial and/or stromal component of breast tumors (1). Impor-
tantly, higher levels of circulating IGF-I predict increased breast
cancer risk in premenopausal women (8). In vitro, activation of the
IGF-IR, especially the IGF-IR/IRS-1/PI-3K pathway in ER-positive
breast cancer cells, counteracts apoptosis induced by different anti-
cancer treatments or low concentrations of hormones (1, 9-11). On
the other hand, overexpression of either the IGF-IR or IRS-1 in
ER-positive breast cancer cells improves responsiveness to IGF and,
in consequence, results in estrogen-independent proliferation (1, 12,
13). In agreement with these observations, blockade of IGF-IR activ-
ity with various reagents targeting the IGF-IR or its signaling through
IRS-1/PI-3K reduced the growth of breast cancer cells in vitro and/or
in vivo (1, 12, 14-17).

The requirement for the IGF-IR/IRS-1 pathway for growth and
survival appears to be a characteristic of ER-positive, more differen-
tiated, breast cancer cells. By contrast, ER-negative tumors and cell
lines, often exhibiting less differentiated, mesenchymal phenotypes,
express low levels of the IGF-IR and often decreased levels of IRS-1
(1, 17, 18). Notably, these cells do not respond to IGF-I with growth
(1, 19-22). Despite the lack of IGF-I mitogenic response, the meta-
static potential of ER-negative breast cancer cells can be effectively
inhibited by different compounds targeting the IGF-IR. For instance,
blockade of the IGF-IR in MDA-MB-231 cells by an anti-IGF-IR
antibody reduced migration in vifro and tumorigenesis in vivo, and
expression of a soluble IGF-IR in MDA-MB-435 cells inhibited
adhesion on the extracellular matrix and impaired metastasis in ani-
mals (14, 16, 23). These observations suggested that in ER-negative
cells, some functions of the IGF-IR must be critical for metastatic cell
spread. Here we addressed the possibility that in ER-negative cells,
the IGF-IR selectively promotes growth-unrelated processes, such as
migration and invasion, but is not engaged in the transmission of
growth and survival signals. Using ER-negative MDA-MB-231 breast
cancer cells, we studied IGF-I-dependent pathways involved in mi-
gration and the defects in IGF mitogenic signal. For comparison,
relevant IGF-I responses were analyzed in ER-positive MCF-7 cells.

tol 3-kinase; ERK, extracellular signal-regulated kinase; GSK, glycogen synthase kinase;
MEK, MAPK kinase; PRF-SFM, phenol red-free serum-free medium.
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MATERIALS AND METHODS

Plasmids. The pcDNA3-IGF-IR expression plasmid encoding the wild-
type IGF-IR under the cytomegalovirus promoter was described before (13).
The expression plasmids encoding constitutively active forms of Akt kinase,
i.e., myristylated Akt and Akt with an activating point mutation (Akt/E40K),
were obtained from Drs. P. Tsichlis and T. Chan (Kimmel Cancer Center) and
were described before (24). The Akt plasmids contain the HA-tag, allowing for
easy identification of Akt-transfected cells. The pCMS-EGFEP expression vec-
tor encoding GFP was purchased from Clontech.

Cell Lines. MDA-MB-231 cells were obtained from American Type Cul-
ture Collection. MDA-MB-231/IGF-IR clones were generated by stable trans-
fection of MDA-MB-231 cells with the plasmid pcDNA3-IGF-IR using a
standard calcium phosphate precipitate procedure (13). Transfectants resistant
to 1 mg/ml G418 were screened for IGF-IR expression by fluorescence-
assisted cell sorting analysis using an anti-IGF-IR mouse mAb «-IR3 (10
pg/ml; Calbiochem) and a fluorescein-conjugated goat antimouse IgG2 (1

g/ml; Calbiochem). Cells stained with the secondary antibody alone were
used as a control. Additionally, the parental MDA-MB-231 cells and MCF-7/
IGF-IR clones 12 and 15 (13), all expressing known levels of the IGF-IR, were
analyzed in parallel. IGF-IR expression in MDA-MB-213-derived clones was
then confirmed by WB with specific antibodies (listed below). In growth and
migration experiments, we used control MCF-7/pc2 and MDA-MB-231/5 M
cell lines, which have been developed by transfection of MCF-7 and MDA-
MB-231 cells with the pcDNA3 vector. MCF-7, MCF-7/pc2, and MCE-7/
IGF-IR cells were described in detail previously (13).

Transient Transfection. Seventy % confluent cultures of MDA-MB-231
and MCF-7 cells were transiently cotransfected with an Akt expression plas-
mid and a plasmid pCMS encoding GFP (Akt:GFP ratio, 20:1) using Fugene
6 (Roche). Transfection was carried out for 6 h in phenol red-free DMEM
containing 0.5 mg/ml BSA, 1 um FeSO,, and 2 mM L-glutamine (referred to as
PRF-SFM; Ref. 13); the optimal DNA:Fugene 6 ratio was 1 ug:3 ul. Upon
transfection, the cells were shifted to fresh PRF-SFM, and the expression of
total and active Akt kinase at 0 (media shift), 2, and 4 days was assessed by
WB with specific antibodies (see below). In parallel, the efficiency of trans-
fection was evaluated by scoring GFP-positive cells. In all experiments, at least
40% of transfected cells expressed GFP, which indicated a high transfection
efficiency. In addition, the expression of Akt plasmids was monitored by
measuring the cellular levels of HA-tag and Akt proteins by WB.

Cell Culture, MDA-MB-231 and MCF-7 cells were grown in DMEM:F12
(1:1) containing 5% CS. MDA-MB-231- and MCF-7-derived clones overex-
pressing the IGF-IR or expressing vector alone were maintained in DMEM:
F12 plus 5% CS plus 200 pg/ml G418. In the experiments requiring 173-
estradiol- and serum-free conditions, the cells were cultured in PRE-SFM (13).

Growth Curves. To analyze the growth in serum-containing medium, the
cells were plated in six-well plates in DMEM:F12 (1:1) containing 5% CS at
a concentration of 1.5-2.0 X 10° cells/plate; the number of cells was then
assessed by direct counting at 1, 2, and 4 days after plating. To study
IGF-I-dependent proliferation, the cells were plated in six-well plates in the
growth medium as above. The following day (day 0), the cells at ~50%
confluence were shifted to PRF-SFM containing 20 ng/ml IGF-1. Cell number
was determined at days 1, 2, and 4.

Apoptosis Assay. The cells grown on coverslips in normal growth medium
were shifted to PRF-SFM at 70% confluence and then cultured in the presence
or absence of 20 ng/ml IGF-I for 0, 12, 24, 48, and 96 h. Apoptosis in the
cultures was determined with the In Situ Cell Death Detection kit, Fluorescein
(Roche), following the manufacturer’s instructions. The cells containing DNA
strand breaks were stained with fluorescein-dUTP and detected by fluores-
cence microscopy. Cells that detached during the experiment were spun on
glass slides using cytospin and processed as above. Apoptotic index (the
percentage of apoptotic cells/total cell number in a sample field) was deter-
mined for adherent and floating cell populations, and the indices were com-
bined.

Immunoprecipitation and Western Blotting. Seventy % cultures were
shifted to PRF-SFM for 24 h and then stimulated with 20 ng/m! IGF-1 for 15
min, 1 h, 1 day, or 2 days. Proteins were obtained by lysing the cells in a buffer
composed of 50 mM HEPES (pH 7.5), 150 mM 1% Triton X-100, 1.5 mm
MgCly, 1 mm CaCl,, 5 mm EGTA, 10% glycerin, 0.2 mM Na,VO,, 1%
phenylmethylsulfonyl fluoride, and 1% aprotinin. The IGF-IR was immuno-

precipitated from 500 ug of protein lysate with anti-IGF-IR mAb (Calbio-
chem) and subsequently detected by WB with anti-IGF-IR pAb (Santa Cruz
Biotechnology). IRS-1 was precipitated from 500 ug of lysate with anti-IRS-1
pAb (UBI) and detected by WB using the same antibody. Tyrosine phospho-
rylation (PY) of immunoprecipitated IRS-1 or IGF-IR was assessed by WB
with anti-phosphotyrosine mAb PY20 (Transduction Laboratories). Akt,
ERKI1/ERK?2, and p38 MAPKs (active and total), and active GSK-3 were
measured by WB in 50 ug of whole cell lysates with appropriate antibodies
from New England Biolabs. The expression of HA-tag was probed by WB in
50 pg of protein lysate with anti-HA mAb (Babco). The intensity of bands
representing relevant proteins was measured by laser densitometry scanning.

IRS-1-associated PI-3K Activity. PI-3K activity was determined in vitro,
as described by us before (25). Briefly, 70% cultures were synchronized in
PRE-SFM for 24 h and then stimulated with 20 ng of IGF-I for 15 min or 2
days. Untreated cells were used as controls. IRS-1 was precipitated from 500
wg of cell lysates; IRS-1 IPs were then incubated in the presence of inositol
and [**P]ATP for 30 min at room temperature. The products of the kinase
reaction were analyzed by TLC using TLC plates (Eastman Kodak). Radio-
active spots representing phosphatidylinositol-3-phosphates were visualized by
autoradiography, quantified by laser densitometry (ULTRO Scan XL, Phar-
macia), and then excised from the plates and counted in a beta counter.

Motility Assay. Chemotaxis and chemokinesis were tested in modified
Boyden chambers containing porous (8-mm), polycarbonate membranes. The
membranes were not coated with extracellular matrix. Briefly, 2 X 10* cells
(synchronized in PRE-SFM for 24 h) were suspended in 200 ul of PRF-SFM
and plated into upper wells. Lower wells contained 500 ul of PRF-SFM. To
study chemotaxis, IGF-I (20 ng/ml) was added to lower wells only; to assess
chemokinesis, IGF-I was placed in either upper wells only, or in both wells.
After 24 h, the cells in the upper wells were removed, whereas the cells that
migrated to the lower wells were fixed and stained in Coomassie Blue solution
(0.25 g of Coomassie blue:45 ml water:45 m! methanol:10 mt glacial acetic
acid) for 5 min. After that, the chambers were washed three times with H,0.
The cells that migrated to the lower wells were counted under the microscope
(10, 26).

Inhibitors of PI-3K and MAPK. LY294002 (Biomol Research Labs) was
used to specifically inhibit PI-3K (27). UO126 (Calbiochem), a specific
inhibitor of MEK1/2, was used to block ERK1 and ERK?2 kinases (28), and
SB203580 (Calbiochem) was used to down-regulate p38 MAPK (29). To
determine optimal concentrations of the compounds, different doses (1-100
uM) of the inhibitors were tested in cells treated for 1, 8, 12, and 24 h in
PRF-SFM. Additionally, the efficacy of all inhibitors in blocking the phos-
phorylation of relevant downstream targets (Akt, ERK1/ERK?2, and p38 ki-
nases) was determined by WB. In this experiment, the cells were stimulated
with IGF-I (20 ng/ml) for 15 min. LY294002 and UO126 were supplemented
simultaneously with IGF-I, whereas SB203580 was added 30 min before IGF-I
treatment. Ultimately, for both growth and migration experiments, LY294002
was used at the concentration 50 um, UO126 at 5 uM, and SB203580 at 10 um.
At these doses, the inhibitors did not affect cell proliferation and survival at
24 h, with the exemption of LY294002, which inhibited (by 20%) the prolif-
eration of MCF-7/IGF-IR clone 12 in PRF-SFM. A shorter treatment (12 h)
with LY294002 had no impact on the growth and survival of the cells
(evaluated by cell proliferation and In Siru Cell Death Detection assays, as
described above). Thus, the effects of LY294002 on migration were assessed

at 12 h, whereas the actions of UO126 and SB203580 were assessed at 24 h of
treatment.

RESULTS

MDA-MB-231/IGF-IR Cells. To study growth-related and
growth-unrelated effects of IGF-I in ER-negative cells breast cancer
cells, we used the MDA-MB-231 cell line. These cells express low
levels of the IGF-IR and do not respond to IGF-I with growth (19, 22).
Because it has been established that mitogenic response to IGF-I
requires a threshold level of the IGF-IR (e.g., in NIH 3T3-like
fibroblasts, ~1.5 X 10* IGF-IRs; Refs. 30, 31), our first goal was to
test whether increasing IGF-IR expression would induce IGF-I-
dependent growth in MDA-MB-231 cells. To this end, several MDA-
MB-231 clones overexpressing the IGF-IR (MDA-MB-231/IGF-IR
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cells) were generated by stable transfection, and the receptor content
was analyzed by binding assay, fluorescence-assisted cell sorting
analysis (data not shown), and WB (Fig. 1). We determined that
MDA-MB-231 clones 2, 21, and 31 express approximately 3 X 10%,
1.5 X 10% and 2.5 X 10° IGF-IRs/cell, respectively, whereas the
parental MDA-MB-231 cells express approximately 7 X 10° IGF-
IRs/cell (19). For comparison, ~6 X 10* IGF-IRs were found in
ER-positive MCE-7 cells (Fig. 1; Ref. 13).

IGF-IR Overexpression Does Not Enhance the Growth of
MDA-MB-231/IGF-IR Cells in Serum-containing Medium. The
analysis of growth profiles of different MDA-MB-231/IGF-IR clones
indicated that overexpression of the IGF-IR never improved basal
proliferation in normal growth medium, and in the case of clone 31,
which expressed the highest IGF-IR content (~2.5 X 10° IGF-IRs/
cell), an evident growth retardation at days 2 and 4 (P < 0.05) was
observed (Fig. 2A). In contrast, similar overexpression of the IGF-IR
in ER-positive MCF-7 cells significantly augmented proliferation
(Fig. 2B). The growth of control clones MDA-MB-231/5 M and
MCF-7/pc2 was comparable with that of the corresponding parental
cell lines (Fig. 2).

IGF-IR Overexpression Does Not Promote IGF-I-dependent
Growth or Survival of MDA-MB-321 Cells. Subsequent studies
established that increasing the levels of the IGF-IR from 7 X 10° up
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Fig. 1. MDA-MB-231/IGF-IR clones. MDA-MB-231/IGF-IR cells were generated by
stable transfection with an IGF-IR expression vector, as described in “Materials and
Methods.” In several G418-resistant clones, the expression of the IGF-IR protein was
tested in 50 pg of total protein lysate by WB with anti-B subunit IGF-IR pAb (Santa Cruz
Biotechnology). For comparison, MCF-7 cells and MCF-7/IGF-IR clone 15 with known
levels of IGF-IR (6 X 10* and 3 X 10°, respectively; Ref. 13) are shown. Low levels of
IGF-IR in MDA-MD-231 cells (~7 X 10 receptors/cell) are not well visible in this blot
but were detectable in its phosphorylated form by IP and WB in 500 ug of protein lysates
(see Fig. 4A). The estimated expression of the IGF-IR in clones 2, 21, and 31 is 1.5 X 10%,
3 X 10% and 2.5 X 10° receptors/cell, respectively.
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Fig. 2. Effect of IGF-IR overexpression on the growth of ER-negative and ER-positive
cells in serum-containing medium. MDA-MB-231 cells, MDA-MB-231/IGF-IR clones 2,
21, and 31 (A), and their ER-positive counterparts, MCF-7 cells and MCE-7/IGF-IR,
clones ER 12 and 15 (B), were plated in DMEM:F12 plus 5% CS. The cells were counted
at 50% confluence (day 0) and at subsequent days 1, 2, and 4. Control clones MDA-MB-
231/5 M and MCF-7/pc2 expressing the pcDNA3 vector alone were used as controls (A
and B). The results are averages from three experiments. Bars, SD.
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Fig. 3. IGF-I-dependent growth and survival of ER-negative and ER-positive breast
cancer cells. ER-negative (4) and ER-positive (B) cells were synchronized in PRF-SFM
and treated with IGF-1, as described in “Materials and Methods.” The cells were counted
atdays 0, 1, 2, and 4 of treatment. The results are averages from at least three experiments.
Bars, SD.

Table 1 Effects of IGF-I on apoptosis in ER-negative and ER-positive cells
Apoptosis was studied in MDA-MB-231 cells, MDA-MB-231/IGF-IR clone 31,
MCF-7 cells, and MCF-7/IGF-IR clone 12. The cells were cultured for 48 h in PRF-SFM,
and the apoptotic index (% apoptotic cells/total cell number in the field) was determined
by terminal deoxynucleotidyl transferase-mediated nick end labeling, as described in
“Materials and Methods.” The results are averages from at least three experiments; SDs
are given.

Apoptosis (%)

Cell line SFM SFM + IGF-I
MDA-MB-231 41.4 3.0 46019
MDA-MB-231/IGF-IR 501 £4.1 533 £42
MCF-7 145+ 0.2 42*=01
MCF-71GF-IR 10.1 £ 1.3 28 0.1

to 2.5 X 10° was not sufficient to induce IGF-I-dependent growth
response in MDA-MB-231 cells. In fact, similar to the parental and
MDA-MB-231/5 M cells, all MDA-MB-231/IGF-IR clones were pro-
gressively dying in PRF-SFM with or without 20 ng/ml IGF-I (Fig.
3A). In all ER-negative cell lines, the rate of cell death was signifi-
cantly increased at days 2 and 4 of the experiment. Notably, at these
later time points, MDA-MB-231/IGF-IR clone 31 was dying faster in
the presence of IGF-I than in PRF-SFM and more rapidly than the
parental cells (Fig. 34 and data not shown). Conversely, in ER-
positive cells, the stimulation of the IGF-IR always induced prolifer-
ation. In addition, at later time points, especially at day 4, the growth
rate in IGF-I was significantly (P < 0.05) increased in MCF-7/IGF-IR
cells relative to that in MCF-7 or MCF-7/pc2 cells (Fig. 3B).

The analysis of the antiapoptotic effects of IGF-I in the above cell
lines cultured for 48 h under PRF-SFM indicated that IGF-I reduced
apoptosis, by ~3-fold, in ER-positive cells, but it was totally ineffec-
tive in MDA-MB-231 and MDA-MB-231/IGF-IR cells (Table 1).

IGF-IR Signaling in MDA-MB-231 and MDA-MB-231/IGF-IR
Cells. Next, we investigated molecular basis underlying the lack of
IGF-I growth response in' ER-negative cells. IGF-1 signaling was
studied in MDA-MB-231 cells, MDA-MB-231, clone 31, and in
parallel, in ER-positive MCF-7 and MCF-7/IGF-IR cells. The exper-
iments focused on IGF-IR tyrosine kinase activity and several pos-
treceptor signaling pathways that are known to control the growth and
survival of ER-positive breast cancer cells (and many other cell
types), i.e., the IRS-1/PI-3K, Akt, and ERK1/ERK?2 pathways (1, 17,
25, 32-34). We also analyzed other IGF-I effectors that have been
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shown to contribute to nonmitogenic responses in ER-positive breast
cancer cells, such as p38 kinase and SHC (10, 26, 35).

Because both acute and chronic effects of growth factors are
important for biological response (36), we studied IGF-IR signaling at
different times after stimulation: 15 min, 1 h, 2 days, and 4 days. In
both ER-positive and ER-negative cell types, IGF-I signaling seen at
15 min was identical to that at 1 h, whereas IGF-I response at 2 days
was similar to that at 4 days. Thus, Fig. 4 demonstrates the represent-
ative results obtained with cells stimulated for 15 min and 2 days.

In MDA-MB-231 and MDA-MB-231/IGF-IR cells, IGF-IR and its
major substrate, IRS-1, were tyrosine phosphorylated at both time
points in a manner roughly reflecting the receptor levels. The activa-
tion of both molecules was stronger just after stimulation and weaker
at 2 days of the treatment (Fig. 4A). Analogous IGF-I effects were
seen in MCF-7 cells and their IGF-IR-overexpressing derivatives (Fig.
4B). A basal level of IGF-IR and IRS-1 tyrosine phosphorylation was
observed in cells expressing high receptor levels. This effect most
likely can be attributed to the autocrine stimulation of the IGF-IR by
IGF-I-like factors (12).

One of the major growth/survival pathways initiated at IRS-1 is the
PI-3K pathway (32, 37). The repeated measurements of IRS-1-asso-
ciated PI-3K activity in vitro demonstrated that at 15 min after [GF-I
addition, PI-3K activity was similar in both cell types, but at 2 days,
in MDA-MB-231 and MDA-MB-231/IGF-IR cells, IGF-I did not
stimulate PI-3K through IRS-1, or induced it very weakly, whereas in
MCF-7 and MCF-7/IGF-IR cells, a significant level of PI-3K activa-
tion was observed (Fig. 5).

The in vitro activity of PI-3K was reflected by the stimulation of its
downstream effector, Akt kinase. At 15 min, Akt was up-regulated in
response to IGF-I an all cell lines, but at 2 days, no effects of IGF-I
were seen in MDA-MB-231 and MDA-MB-231/IGF-IR cells,
whereas up-regulation of Akt was still evident in MCF-7 and MCF-
T/IGF-IR cells (Fig. 4, C and D). Akt is known to phosphorylate (on
Ser-9) and down-regulate GSK-3 (23, 32, 34). We found that in both
cell types, the phosphorylation of GSK-38 reflected the dynamics of
Akt activity, with no induction of phosphorylation observed at 2 days
in ER-negative cells (Fig. 4C) and IGF-I-stimulated phosphorylation
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in MCF-7 and MCF-7/IGF-IR cells (by 40 and 120%, respectively;
Fig. 4D).

Another IGF-IR growth/survival pathway involves ERK1 and’

ERK?2 kinases (1, 36, 38). This pathway was strongly up-regulated at
15 min and weakly induced at 2 days in MCF-7 and MCF-7/IGF-IR
cells. In MDA-MB-231 and MDA-MB-231/IGF-IR cells, the basal
activation of ERK1/2 kinases was always high, and the addition of
IGF-I only minimally (10-20%) induced the enzymes at 15 min, with
no effects seen at 2 days (Fig. 4, E and F).

p38, a stress-induced MAPK and a known mediator of nongrowth
responses in breast cancer cells (35), was strongly stimulated by IGF-I
in ER-negative cells at 15 min (Fig. 4E). By contrast, in ER-positive
cells, the enzyme was much stronger when induced at 2 days than at
15 min (Fig. 4F). The stimulation of SHC, a substrate of the IGF-IR
involved in migration and growth in ER-positive cells (10, 26), was
weak in all cell types, and no differences in the activation patterns
were observed (data not shown).

Reactivation of Akt Kinase in MDA-MB-231 Cells. Previous
results indicated that MDA-MB-231 and MDA-MB-231/IGF-IR cells
are unable to sustain IGF-I-dependent activation of the PI-3K/Akt
survival pathway when cultured in the absence of serum for 2-4 days.
Consequently, we tested whether cell death under PRE-SFM condi-
tions can be reversed by a forced overexpression of the Akt kinase.
Two different expression plasmids encoding constitutively active
forms of Akt, Myr-Akt, and Akt/E40K (24) were transiently trans-
fected into MDA-MB-231 cells. The efficiency of transfection was at
least 40% (by scoring GFP-positive cells); correspondingly, the trans-
fected cells expressed elevated (by ~40%) levels of the Akt protein
and exhibited enhanced Akt phosphorylation (Fig. 64). The improved
biological activity of Akt in the transfected cells was indicated by
down-regulation of the prolonged ERK1/2 stimulation (39, 40), which
was noticeable at day 2 (data not shown) and most pronounced at day
4 (~50 and 40% for Myr-Akt and Akt/E40K, respectively; Fig. 6B)
The expression of constitutively active Akt mutants was reflected by
a tendency of MDA-MB-231 cells to survive better at 2 days after
transfection (at the time of the greatest Akt activity), but the differ-
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Fig. 4. IGF-I signaling in ER-negative and ER-positive breast cancer cells. The activation of IGF-IR/IRS-1 signaling (A and B), Akt/GSK-3 signaling (C and D), and ERK1/ERK2
and p38 kinase signaling (E and F) was tested in MDA-MB-231 cells, MDA-MB-231/IGE-IR clone 31, MCF-7 cells, and MCF-7/IGF-IR clone 12. The cells were synchronized in
PRF-SFM and treated with IGF-1 for 15 min or 2 days. The cellular levels of the IGF-IR and IRS-1 were detected by IP and WB in 500 ug of total protein lysate using specific antibodies
(see “Materials and Methods™). IGF-IR and IRS-1 tyrosine phosphorylation (PY) was assessed upon stripping and reprobing the same filters with the anti-PY20 antibody. The levels
and activity of Akt, GSK-3, ERK1/ERK2, and p38 kinases were probed by WB in 50 g of total cellular lysates using specific antibodies. The antibodies used are listed in “Materials
and Methods.” Representative results of at least three repeats are shown. Note decreased IRS-1 expression in 15 min IGF-I treatment in ER-positive cells, as described before (47).
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Fig. 5. IGF-I-induced PI-3K activity in ER-negative and ER-positive cells. MDA-MB-
231 cells, MDA-MB-231/IGF-IR clone 31, MCF-7 cells, and MCF-7/IGF-IR clone 12
were synchronized in PRF-SFM and treated with IGF-1 for 15 min or 2 days. IRS-1-bound
PI-3K activity was measured in vitro in IRS-1 IPs as described in “Materials and
Methods.” The experiments were repeated three times for ER-positive cells and five times
for ER-negative cells. Bars, SD. #, statistically significant differences between untreated
and IGF-I-treated cells.

ences did not reach statistical significance (P > 0.05; Fig. 6C and data
not shown).

Inhibition of IGF-IR Signaling Pathways. To complement the
above studies, we examined the importance of the PI-3K, ERK1/
ERK?2, and p38 kinase pathways in IGF-I-dependent growth and
survival of ER-positive and ER-negative breast cancer cells using
specific inhibitors (27-29). The efficacy of PI-3K and ERK1/ERK?2
inhibitors was first tested by establishing their effects on the activity
of target proteins (Fig. 7). Table 2 demonstrates the impact of-the
compounds on cell growth/survival at 2 days of treatment. The inhi-
bition of PI-3K with LY294002 reduced the growth of MCF-7 and
MCEF-7/IGF-IR cells, but it did not influence or had only minimal
effects on MDA-MB-231 and MDA-MB-231/IGF-IR cells. Further-
more, the action of LY294002 was counteracted by IGF-I in ER-
positive, but not in ER-negative, cells. The inhibition of MEK1/2 and
ERK1/ERK2 with UO126 reduced the growth and/or survival in both
cell types, but only in MCF-7 and MCF-7/IGF-IR cells was IGF-I able
to oppose this effect. Down-regulation of p38 kinase with SB203580
reduced the survival of MDA-MB-231 and MDA-MB-231/IGF-IR
cells and to a lesser extent the growth and survival of MCF-7 and
MCEF-7/IGF-IR cells. IGF-I did not reverse the antimitogenic action of
the p38 kinase inhibitor in either of the cell lines studied (Table 2).
Cumulatively, these results suggested that in ER-positive cells, IGF-I
transmits mitogenic signals through PI-3K and ERK1/ERK2 path-
ways. By contrast, IGF-I does not induce growth or survival signal
through these pathways in ER-negative cells.

IGF-I Stimulates Migration of MDA-MB-231 Cells. We inves-
tigated the nonmitogenic effects of IGF-I in ER-negative and
ER-positive breast cancer cells. Unlike with the growth and sur-

vival responses, we found that the IGF-IR transmitted nonmito-
genic signals in MDA-MB-231 and MDA-MB-231/IGF-IR cells.
Specifically, in the chemotaxis experiments, IGF-1 placed in lower
wells stimulated migration of ER-negative cells in a manner re-
flecting IGF-IR content. Similarly, the same IGF-I doses induced
migration in ER-positive cells (Table 3). The addition of IGF-I to
the upper well or both upper and lower wells always suppressed
chemotaxis of all cell lines (Table 3).

IGF-I Pathways Regulating Migration of MDA-MB-231 Cells.
Using the inhibitors of PI-3K, ERK1/ERK?2, and p38 kinases, we
determined which pathways of the IGF-IR are involved in migration
of ER-negative and ER-positive cells. The treatment was carried out
for 24 h (UO126 and SB203580) or 12 h (LY294002) and did not
affect cell growth and/or survival with or without IGF-I (see “Mate-
rials and Methods”). As demonstrated in Table 4, down-regulation of
PI-3K with LY294002 inhibited basal migration of both cell types,
with a more pronounced effect in ER-negative cells. Similarly, block-
ade of p38 kinase inhibited motility of all cell lines studied. The
inhibition of MEK1/2 and ERK1/2 with UO126 never suppressed the
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Fig. 6. Effect of increased Akt activity on the survival of MDA-MB-231 cells.
MDA-MB-231 cells were transiently transfected with expression plasmids encoding two
different constitutively active Akt kinase mutants (Myr-Akt and AKt/E40K; Ref. 24). The
Akt vectors contained HA-tag for easy detection. The cells treated with the transfection
mixture lacking plasmid DNA (Mock) served as control. The expression of the plasmids,
as well as the activity and the levels of Akt kinase in the transfected cells, was monitored
at 2 and 4 days after transfection. Fifty ug of total protein lysates were sequentially probed
by WB with anti-HA, anti-active Akt and then anti-total Akt-specific antibodies (de-
scribed in “Materials and Methods”). Representative results of four repeats are shown (A).
To assess biological activity of Akt, the levels of total and active ERK1/2 in cells
transfected with the Myr-Akt expression vector were probed in 50 ug of total cell lysate
using specific antibodies; the inhibition of ERK1/2 at 4 days after transfection is shown
(B). C, in parallel, the number of cells was determined at days 0 (posttransfection medium
change), 1, 2, and 4 after transfection. The results are averages from four experiments.
Bars, SD.
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Fig. 7. PI-3K and MAPK inhibitors. Synchronized cultures of MDA-MB-231 and
MCF-7 cells were treated with LY294002, UO126, or SB203580 in the presence or
absence of IGF-I, as described in “Materials and Methods.” The activities of Akt,
ERK1/ERK?2, and p38 kinases were determined by WB in S0 pg of protein lysates using
specific antibodies. Representative results are shown.

migration of ER-positive and ER-negative cells; in fact, the compound
stimulated cell motility. The addition of IGF-I as a chemoattractant
significantly counteracted the effects of all three inhibitors; however,
no clear association between the cellular levels of the IGF-IR and this
competing action of IGF-I was noted (Table 4). These results sug-
gested that IGF-I-dependent motility in both types of cells requires the

PI-3K and p38 pathways but does not rely on the activity of ERK1/
ERK2.

DISCUSSION

The experimental and clinical evidence supports the notion that
hyperactivation of the IGF-IR may be critical in early steps of breast
cancer development, promoting cell growth, survival, and resistance
to therapeutic treatments. However, the function of the IGF-IR in the
later stages of the disease, including metastasis, is still obscure (1).
For instance, whereas the IGF-IR has been found overexpressed in
primary breast tumors, its levels, similar to ER levels, appear to
undergo reduction during the course of the disease (1, 18). According
to Pezzino et al. (41), who studied the IGF-IR status in two patient
subgroups representing either a low risk (ER- and progesterone re-
ceptor-positive, low mitotic index, diploid) or a high risk (ER- and
progesterone receptor-negative, high mitotic index, aneuploid) popu-
lation, there is a highly significant correlation between IGF-IR ex-
pression and better prognosis. Similar conclusions were reached by
Peyrat and Bonneterre (42) and recently by Schnarr er al. (18).
Therefore, it has been proposed that similar to the ER, the IGF-IR
marks more differentiated tumors with better clinical outcome. How-
ever, it has also been argued that the IGF-IR may play a role in early
steps of tumor spread because node-positive/IGF-IR-positive tumors
appeared to have a worse prognosis than node-negative/IGE-IR-

positive tumors (1, 42). In addition, quite rare cases of ER-negative
but IGF-IR-positive tumors are associated with shorter disease-free
survival (43).

In breast cancer cell lines, a hormone-dependent and less aggressive
phenotype correlates with a good IGF-IR expression (1, 19, 42). By
contrast, different ER-negative, breast cancer cell lines express low
levels of the IGF-IR and generally do not respond to IGF-I with
growth (1, 18-22). However, many ER-negative cell lines appear to
depend on the IGF-IR for tumorigenesis and metastasis. For instance,
blockade of the IGF-IR in MDA-MB-231 cells by anti-IGF-IR anti-
body reduced migration in vitro and tumorigenesis in vivo, and ex-
pression of a soluble IGF-IR in MDA-MB-435 cells impaired growth,
tumorigenesis, and metastasis in animal models (1, 14, 16, 23). These
observations suggest that some growth-unrelated pathways of the
IGF-IR may be operative in the context of ER-negative cells.

Here we studied whether this particular IGF-I dependence of ER-
negative breast cancer cells relates to the nonmitogenic function of the
IGF-IR, such as cell migration. Our experiments indicated that the
IGF-IR is an effective mediator of cell motility. Furthermore, IGF-I-
induced migration was proportional to IGF-IR content. We demon-
strated, for the first time, that in MDA-MB-231 ER-negative cells,
IGF-IR signaling pathways responsible for cell movement include
PI-3K and p38 kinases. Indeed, an acute IGF-I stimulation of MDA-
MB-231 and MDA-MB-231/IGF-IR cells appears to induce both
PI-3K and p38 kinases, suggesting that this short-time activation may
be involved in migration. Both of these pathways have been shown
previously to regulate cell motility in breast cancer cells and other cell
types (35, 44). Interestingly, the migration of both ER-negative and
ER-positive cells was enhanced by a specific MEK 1/MEK?2 inhibitor
UO126. We observed this effect over a broad range of UO126 doses
(1-10 uM) and in several MDA-MB-231- and MCF-7-derived clones;
the same doses always suppressed cell proliferation in serum-contain-
ing medium and PRF-SFM (data not shown and Table 2). These

Table 3 IGF-I-induced migration in ER-negative and ER-positive breast cancer cells

The IGF-I-induced migration of MDA-MB-231 and MCF-7 cells, their IGF-IR-
overexpressing derivatives, as well as control clones MDA-MB-231/5M and MCF-7/pc2,
was determined after 24 hr, as described in “Materials and Methods.” At this-time point,
IGF-1 did not produce statistically significant differences in the growth and survival of the
cells studied (Fig. 3). Migration (%) represents the difference (in %) between basal
migration in PRF-SFM and migration in the presence of IGF-1. The chemotaxis results are
averages (+SE) from at least nine experiments. The chemokinesis results are averages
(%SE) from three experiments.

Migration (%)*

Celt line

Lower well Upper well Both wells

MDA-MB-231 +24 +39 +2*0.1 +7*04

- MDA-MB-231/IGF-IR +79 = 4.1 +10 = 0.1 +12+05

MDA-MB-231/5M +20 £ 2.0 +1*0.0 +5%x0.1

MCF-7 +23 =47 —1+0.0 -2x0.0

MCF-7/IGF-IR +47 £ 5.6 -10£05 —8x02

MCEF-7/pc2 +17 £ 3.1 0*00 -1x0.0
“IGF-L

Table 2 Effects of PI-3K and MAPK inhibitors on growth and survival of ER-negative and ER-positive breast cancer cells

MDA-MB-231 cells, MDA-MB-231/IGF-IR clone 31, MCF-7 cells, and MCE-7/IGF-IR clone 12 were c

the inhibitors for 48 h, as described in “Materials and Methods.”

ultured in PRF-SFM with or without IGF-I in the presence or absence of

The difference (in percentages) between the number of live cells under treatment and the number of cells cultured

under control conditions (without inhibitors) was defined as inhibition (%). The results are averages from three experiments; SDs are given.

Inhibition (%)

LY294002 (PI-3K)

UO126 (MEK) SB203580 (p38)

Cell line SFM +IGF SFM +IGF SEM +IGF
MDA-MB-231 9.4+ 1.0 7808 350x26 39.0 £27 478 £22 42544
MDA-MB-231/IGF-IR 111=*12 12309 183 £ 0.9 229x13 295%20 356 £3.6
MCF-7 68.8 + 3.3 350+12 426 3.8 263 £25 11.7£1.2 10.0 = 04
MCF-7AGF-IR 732 £6.7 346 2.7 494 £ 39 202 %15 24702 259 £ 0.9
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Table 4 Effects of PI-3K and MAPK inhibitors on migration of ER-negative and ER-positive breast cancer cells
The migration of MDA-MB-231 cells, MDA-MB-231/IGF-IR clone 31, MCF-7 cells, and MCF-7/IGF-IR clone 12 was tested in modified Boyden chambers as described in
“Materials and Methods.” The inhibitors were added to the upper wells at the time of cell plating, and their effect on basal (SFM) or IGF-I-induced (+IGF) migration was assessed
after 24 h (for UO126 and SB203580) or 12 h (for LY94002). At these time points, the compounds did not affect cell growth and survival. The values represent the percentage of change
relative to the migration at basal conditions in PRF-SFM (SFM) without inhibitors or chemoattractants. The experiments were repeated at least three times; the average results (=SD)

are given.
Change (%)
LY294002 (PI-3K) U0126 (MEK) SB203580 (p38)

Cell line SFM +IGF SFM +IGF SFM +IGF
MDA-MB-231 —451=*1.1 —18.9 09 +53.4+35 +364 £22 —-302 %29 —85%0.7
MDA-MB-231/IGF-IR —383 %35 —-122 04 +29.0 = 2.0 +12.6 = 0.7 —40.1 £ 04 ~25*0.0
MCEF-7 —247*+1.2 -9.6 £0.9 +949 £39 +56.4 + 1.7 —-189 = 1.1 —-56=*02
MCF-71GF-IR -204*1.0 -8.0=x07 +65.6 £ 5.4 +23.8 %19 —248*+08 -17+0.1

peculiar effects suggest that MEK 1/2 may represent a regulatory point
balancing mitogenic and nonmitogenic cell responses.

In contrast with the positive effects of IGF-I on cell motility in
ER-negative and ER-positive breast cancer cells, this growth factor
never stimulated the proliferation of MDA-MB-231 cells, whereas it
induced the growth of MCF-7 cells and MCF-7-derived clones over-
expressing the IGF-IR. It is has been established by Rubini et al. (30)
and Reiss er al. (31) that mitogenic response to IGF-I requires a
threshold level of IGF-IR expression (in fibroblasts, ~1.5 X 10%.
Here, we demonstrated that increasing the levels of the IGF-IR from
~7 %X 10° up to ~2.5 X 10° and subsequent up-regulation of IGF-IR
tyrosine phosphorylation was not sufficient to induce IGF-I-depend-
ent growth of MDA-MB-213 cells. Similar results were obtained by
Jackson and Yee (21), who showed that overexpression of IRS-1 in
ER-negative MDA-MB-435A and MDA-MB-468 breast cancer cells
did not stimulate IGF-I-dependent mitogenicity. These authors sug-
gested that the lack of IGF-I response, even in IRS-1-overexpressing
ER-negative cells, was related to insufficient stimulation of ERK1/
ERK2 and PI-3K pathways (21). Defective insulin response in ER-
negative cell lines has also been described by Costantino et al. (45)
and linked with an increased tyrosine phosphatase activity.

Our experiments suggested that the lack of IGF-I mitogenicity in
MDA-MB-231 and MDA-MB-231/IGF-IR cells was not related to the
impaired IGF-IR or IRS-1 tyrosine phosphorylation. The cells were
also able to respond to an acute IGF-I stimulation with a marked
activation of the PI-3K/Akt and ERK-1/ERK2 pathways. We hypoth-
esize that this transient stimulation could be sufficient to induce some
IGF-Iresponse, such as cell motility. Mitogenic response, on the other
hand, may rely on a more sustained activation of critical IGF-IR
signals, as demonstrated before with mouse embryo fibroblasts (36).
Indeed, the most significant difference in IGF-I signal between ER-
negative and ER-positive cells rested in the impaired long-term stim-
ulation of the PI-3K/Akt pathway; MDA-MB-231 and MDA-MB-
231/IGF-IR cells were unable to sustain this IGF-I-induced signal for
1 or 2 days, whereas in MCF-7 and MCF-7/IGF-IR cells, the PI-3K/
Akt pathway was still active at this time. The subsequent experiments
with MDA-MB-231 cells transfected with constitutively active Akt
mutants demonstrated that the increased biological activity of Akt was
not sufficient to completely reverse cell death in PRF-SFM (Fig. 6C
and data not shown). This suggested that although a sustained Akt
activity could be important in the survival of breast cancer cells, other
pathways, or a proper equilibrium between Akt and other pathways
(such as ERK1/2), are also critical. The latter possibility could be
supported by our finding that hyperactivation of Akt down-regulates
the ERK1/2 pathway. Normally, this pathway appears to play a role in
the survival of ER-negative cells (Table 2).

In summary, our data suggest that IGF-IR signaling and function
may be different in hormone-dependent and -independent breast can-
cer cells. In ER-positive MCF-7 cells, IGF-IR transmits various

signals, such as growth, survival, migration, and adhesion. In ER-
negative MDA-MB-231 cells, the growth-related functions of the
IGF-IR become attenuated, but the receptor is still able to control
nonmitogenic processes, such as migration. It is likely that this kind of
evolution is also involved with the response to other growth factors.
Epidermal growth factor, for instance, is an effective mitogen for
ER-positive breast cancer cells but does not stimulate the proliferation
or survival in MDA-MB-231 cells, despite high EGF-R expression
(46). However, as demonstrated recently by Price et al. (46), EGF is
a potent chemoattractant for MDA-MB-231 cells. EGF-induced mi-
gration in MDA-MB-231 cells requires PI-3K and phospholipase Cy
and is pot inhibited by antagonists of ERK1/ERK2.

In conclusion, mitogenic and nonmitogenic pathways induced by
growth factors in breast cancer cells may be dissociated, and attenu-
ation of one is not necessarily linked with the cessation of the other.
Delineating the nonmitogenic responses will be critical for the devel-
opment of drugs specifically targeting metastatic cells.
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Hyperactivation of the insulin-like growth factor I re-
ceptor (IGF-IR) contributes to primary breast cancer
development, but the role of the IGF-IR in tumor metas-
tasis is unclear. Here we studied the effects of the
IGF-IR on intercellular connections mediated by the
major epithelial adhesion protein, E-cadherin (E-cad).
We found that IGF-IR overexpression markedly stimu-
lated aggregation in E-cad-positive MCF-7 breast cancer
cells, but not in E-cad-negative MDA-MB-231 cells. How-
ever, when the IGF-IR and E-cad were co-expressed in
MDA-MB-231 cells, cell-cell adhesion was substantially
increased. The IGF-IR-dependent cell-cell adhesion of
MCF-7 cells was not related to altered expression of
E-cad or a-, 8-, or y-catenins but coincided with the
up-regulation of another element of the E-cad complex,
zonula occludens-1 (ZO-1). ZO-1 expression (mRNA and
protein) was induced by IGF-I and was blocked in MCF-7
cells with a tyrosine kinase-defective IGF-IR mutant. By
co-immunoprecipitation, we found that Z0O-1 associates
with the E-cad complex and the IGF-IR. High levels of
Z0-1 coincided with an increased IGF-IR/a-catenin/ZO-
1-binding and improved Z0O-1/actin association, whereas
down-regulation of ZO-1 by the expression of an anti-
Z0-1 RNA inhibited IGF-IR-dependent cell-cell adhe-
sion. The results suggested that one of the mechanisms
by which the activated IGF-IR regulates E-cad-mediated
cell-cell adhesion is overexpression of ZO-1 and the re-
sulting stronger connections between the E-cad com-
plex and the actin cytoskeleton. We hypothesize that in
E-cad-positive cells, the IGF-IR may produce antimeta-
static effects.

The insulin-like growth factor I (IGF-I)* receptor IGF-IR) is
a ubiquitous tyrosine kinase capable of regulating different
growth-related and -unrelated processes (1-3). Recent evidence
indicates that the IGF-IR may be involved in breast cancer
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development. The IGF-IR is significantly (10-14-fold) overex-
pressed in estrogen receptor-positive primary breast tumors
compared with normal mammary epithelium or benign tumors
(1, 4). Moreover, the intrinsic ligand-independent tyrosine ki-
nase activity of the IGF-IR has been found to be substantially
up-regulated (~2—4-fold) in breast cancer cells (4). It has been
suggested that the increased receptor function coupled with
enhanced receptor expression amounts to a 40-fold elevation in
IGF-IR activity in estrogen receptor-positive breast tumors (4).
Recent clinical and experimental data indicate that up-regula-
tion of IGF-IR signaling in estrogen receptor-positive breast
cancer cells is associated with autonomous cell proliferation,
estrogen-independence, and increased resistance to various an-
titumor treatments (1). Consequently, it is believed that hyper-
activation of the IGF-IR may induce and sustain the growth of
primary breast tumors (1).

The role of the IGF-IR in breast cancer metastasis, however,
is unclear. The experimental data suggest that the IGF-IR has
a function in cell spreading by effectively stimulating the mo-
tility of different metastatic breast cancer cell lines lacking the
expression of a major adhesion protein, E-cadherin (E-cad) (1,
5, 6). On the other hand, we and others have shown that in
more differentiated E-cad-positive cells, IGF-I treatment or
IGF-IR overexpression up-regulates cell-cell adhesion, which
correlates with increased cell survival in three-dimensional
culture and with reduced cell migration in vitro and in organ
culture (1, 7-10).

The mechanism of IGF-I-dependent intercellular adhesion
and the clinical consequences of this phenomenon have not
been fully elucidated. Previously, we demonstrated that in
MCF-7 human breast cancer cells, the IGF-IR co-localizes and
co-precipitates with the E-cad complex and that IGF-induced
aggregation is blocked with an anti-E-cad antibody (7). In this
study we assessed the effects of the IGF-IR on the elements of
the E-cad adhesion complex, i.e. E-cad; 8-, y-, and a-catenins;
and a-catenin-associated proteins (see Fig. 6). The initial re-
sults prompted us to focus on an a-catenin-binding element,
the junction protein zonula occludens-1 (ZO-1).

Z0-1 is a ~220-kDa scaffolding protein containing various
domains (an SH3 domain, three PDZ domains, a proline-rich
region, and a guanylate kinase domain) that allow its interac-
tion with specialized sites of plasma membrane as well as with
other proteins (11, 12). ZO-1 is a characteristic element of tight
junctions, but recently its presence has also been demonstrated
in E-cad adherens junctions (13-15). The role of ZO-1 in ad-
herens junctions is yet unclear, but it is assumed that it may
functionally link E-cad with the actin cytoskeleton because it
associates with a-catenin and actin through its N and C termi-
nus, respectively (Ref. 13, see Fig. 6). In addition, as a member
of the membrane-associated guanylate kinase homologue
(MAGUK) family of putative signaling proteins, ZO-1 may be
involved in signal transduction. Indeed, ZO-1 has been found to
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TaBLE I
Effects of IGF-IR and ZO-1 expression on cell aggregation in E-cad-positive and -negative breast cancer cells
The stable cell lines (MCF-7, MCF-7/IGF-IR, MCEF-7/1GF-IR/anti-ZO-1, MCF-7/Y3F, MDA-MB-231, and MDA-MB-231/IGF-IR) and transiently
transfected populations (MDA-MB-231/E-cad, MDA-MB-231/vector, MDA-MB-231/IGF-IR/E-cad, and MDA-MB-231/IGF-IR/vector) were cultured
as three-dimensional spheroids in normal growth medium. The number of spheroids of different sizes was established as described under
“Materials and Methods.” The values represent a sum of spheroids in 10 optical fields under X 10 magnification. The results are mean = S.E. from
at least three experiments. Representative three-dimensional cultures are shown in Figs. 1 and 7.

Spheroids
Cells
25 = 50 um 50 = 100 ym >100 um

MCF-7 21.0+19 96.0 = 6.7 277+0.9
MCF-7/IGF-IR 1.7 0.7 223*+14 86.5 = 3.9
MCF-7/IGF-IR/anti-ZO-1 75.0+ 3.5 40.7 £ 2.1 0.0 £ 0.0
MCF-7/Y3F 450+ 29 39.8 46 0.0 =0.0
MDA-MB-231 7.0x0.6 0.5 %02 0.0 x0.0
MDA-MB-231/IGF-IR 12.5 + 0.8 05=0.1 0.0 £ 0.0
MDA-MB-231/E-cad 39.8 + 3.6 152+ 1.1 0.0 = 0.0
MDA-MB-231/vector 100+ 14 0.6 =04 0.0 £0.0
MDA-MB-231/IGF-IR/E-cad 27.0 =22 68.3 = 7.2 8.0x15
MDA-MB-231/IGF-IR/vector 18.6 = 2.2 09 *0.3 0.0 £0.0

bind a target of Ras, AF6 (16). Deletions or mutations in the
Z0-1 gene produced overgrowth, suggesting that ZO-1 may act
as a tumor suppressor (11). In breast cancer, ZO-1 is usually
co-expressed with E-cad and is a strong independent marker of
a more differentiated phenotype (17).

At present, very little is known about the regulation of ZO-1
by growth factors. However, some recent studies demonstrated
that epidermal growth factor and vascular endothelial growth
factor are able to increase ZO-1 tyrosine phosphorylation, mod-
ulate its subcellular localization, and consequently produce
increased permeability (18-20). Here, we present the first ev-
idence that in MCF-7 breast cancer cells 1) the IGF-IR up-
regulates ZO-1 expression, 2) elevated levels of ZO-1 coincide
with enhanced IGF-IR/E-cad-mediated cell-cell adhesion, and
3) ZO-1 expression is required for IGF-IR-increased cell aggre-
gation in E-cad-positive MCF-7 cells.

MATERIALS AND METHODS
Expression Plasmids

E-cad Expression Plasmid—The pBAT-EM2 plasmid is a derivative
of pBR322 and contains the mouse E-cad ¢cDNA cloned under the
B-actin promoter in pBR322 (21). As demonstrated previously, trans-
fection of MDA-MB-231 cells with pBAT-EM2 results in E-cad overex-
pression, improved cell aggregation, and reduced metastatic potential
of the cells (21, 22).

Antisense ZO-1 RNA Vector—The pcDNA3/anti-ZO-1 plasmid encod-
ing the anti-ZO-1 antisense RNA contains a 959-base pair BamHI
fragment of the human ZO-1 ¢cDNA (nucleotides 4205-5164) inserted
(in the 3'-5" orientation) into the pcDNA3.1/hygro plasmid (Invitrogen).
pcDNAB3/sense-ZO-1 is the control vector in which the above 959-base
pair ZO-1 ¢DNA fragment was cloned in the 5'-3' orientation.

Cell Lines and Cell Culture Conditions

MCF-7/IGF-IR clones 12, 15, and 17 are MCF-7-derived clones over-
expressing the IGF-IR at the levels 5 X 10%, 3 x 105 and 1 X 10°
receptors/cell, respectively (7). To avoid clonal variation, in several
experiments we used a population of mixed clones 12, 15, and 17. The
mixed population is referred to as MCF-7/IGF-IR cells and expresses
~0.9 X 10° IGF-IR receptors/cell (which represents ~18-fold overex-
pression over the levels in normal cells) (1). MCF-7/IGF-IR/YSF express
an IGF-IR (~3 X 10 receptors/cell) with inactivating mutations in the
tyrosine kinase domain (Tyr-1131, Tyr-1135, and Tyr-1136 replaced
with Phe) (23). MCF-7/IGF-IR/Y3F cells were derived from MCF-7 cells
by stable transfection with the pcDNA3/IGF-IR/KR plasmid and sub-
sequent selection in 2 mg/ml G418. The results obtained with the
MCF-7/IGF-IR/Y3F clone were verified using a population of MCF-7
cells transiently transfected with the IGF-IR/YSF vector (see below).
MCF-7/IGF-IR/anti-ZO-1 and MCF-7/IGF-IR/sense ZO-1 cells were de-
rived from MCF-7/IGF-IR clone 15 by stable transfection with the
antisense and sense ZO-1 vectors, respectively and subsequent selec-
tion in 500 pg/ml hygromycin B.

MDA-MB-231 is a metastatic breast cancer cell line lacking E-cad

and expressing ~7 X 10%® IGF-IR receptors/cell (24).2 MDA-MB-231/
IGF-IR clone 31 was derived from MDA-MB-231 cells by stable trans-
fection with the pcDNAS/IGF-IR plasmid. MDA-MB-231/IGF-IR cells
express ~250,000 IGF-IR/cell.2

All cell lines were grown in Dulbecco’s modified Eagle’s medium/F12
(1:1) containing 5% calf serum. MCF-7- and MDA-MB-231-derived clones
transfected with the wild-type or mutant IGF-IR were maintained in
growth medium with 100 ug/ml G418. MCF-7/IGF-IR/anti-ZO-1 and
MCF-7/IGF-IR/sense ZO-1 cells were cultured in growth medium with 50
pg/ml hygromycin B. In the experiments requiring serum-free conditions,
the cells were cultured in phenol red-free Dulbecco’s modified Eagle’s
medium containing 0.5 mg/ml bovine serum albumin, 1 uM FeSO,, and 2
mM L-glutamine (referred to as SFM).

Transient Transfection

MDA-MB-231 and MDA-MB-231/IGF-IR cells were transiently
transfected using Lipofect AMINE 2000 (Life Technologies, Inc.) (rea-
gent/DNA ratio, 5 pl/1 pg). The transfection was carried out in growth
medium for 24 h, and then the cells were lysed and processed for E-cad
Western blotting (WB). To evaluate the extent of cell-cell adhesion in
the transfected MDA-MB-231 and MDA-MB-231/IGF-IR cells, the cells
were trypsinized upon transfection, counted, and placed in three-di-
mensional suspension culture as described below. MCF-7 cells were
transfected for 6 h in growth medium using Fugene 6 (Roche Molecular
Biochemicals) (reagent/DNA ratio, 3 ul/1 ug). To study IGF-1 signaling,
the transfected MCF-7 cells were shifted to SFM for 36 h and stimu-
lated with IGF-I for 15 min. The efficiency of transfection (transfected
cells/total cell number) was at least 70% for all cell types and was
estimated by scoring fluorescent cells in cultures transfected with the
plasmid pCMS (encoding green fluorescent protein) (Invitrogen).

Three-dimensional Spheroid Culture

The cells were grown to 70-80% confluence, trypsinized, and plated
in single-cell suspension in 2%-agar-coated plates containing either
normal growth medium or SFM. 2 X 106 cells were plated per 100 mm
culture dish. To generate three-dimensional spheroids, the plates were
rotated for 4 h at 37 °C. The spheroids started to assemble at ~1 h after
plating and were completely organized after 3—4 h of culture in sus-
pension. The three-dimensional cultures were photographed using a
phase-contrast microscope (Nikon or Olympus). The extent of aggrega-
tion was scored by measuring the spheroids with an ocular micrometer.
For each cell type, the spheroids between 25 and 50, 50 and 100, and
>100 pm (in the smallest cross-section) were counted in 10 different
fields under X 10 magnification.

IGF Stimulation

70% confluent cell cultures were synchronized in SFM for 36 h and
then stimulated with 20 ng/ml IGF-I for 0—72 h.

Immunoprecipitation and Western Blotting

The expression of different elements of the adhesion complex was
assessed in 500 ug of protein lysate by immunoprecipitation and WB

2 Bartucei, M., Morelli, C., Mauro, L., Arido’, S., and Surmacz, E.
(2001) Cancer Res. 61, 6747—6754.
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with appropriate antibodies. The expression of ERKI/ERK2 was tested
in 50 pg of total cell lysate. The cell lysis buffer contained 50 mm
HEPES, pH 7.5, 150 mm NaCl, 1% Triton X-100, 1.5 mMm MgCl,, 1 mm
CaCl,, 100 mm NaF, 0.2 mMm NazVO,, 1% phenylmethylsulfonyl fluo-
ride, and 1% aprotinin as described before (25). The following antibodies
were used: anti-ZO-1 polyclonal antibody (pAb) (Zymed Laboratories
Inc.) for ZO-1 immunoprecipitation (5 pg/ml) and WB (2 ug/ml); anti-
E-cad monoclonal antibody (mAB), clone 36 (Transduction Laborato-
ries) for E-cadherin immunoprecipitation (2 pg/ml) and WB (0.1 ug/ml);
anti-a-catenin pAb (Sigma or Zymed Laboratories Inc.) for a-catenin
immunoprecipitation (4 pg/ml) and WB (anti-serum dilution 1:4000);
anti-B-catenin mAb (Transduction Laboratories) for f-catenin immuno-
precipitation (4 pg/ml) and WB (0.5 pg/ml); anti-y catenin pAb (Sigma)
for y-catenin WB (1 pg/ml); anti-actin mAb clone AC-40 (Sigma) for
actin WB (0.4 pg/ml); anti-IGF-IR mAb, clone «IR-3 (Calbiochem) for
IGF-IR immunoprecipitation (3 ug/ml), and anti-IGF-IR pAb C-20 (San-
ta Cruz Biotechnology) for IGF-IR WB (0.2 pg/ml); anti-p85 pAb (Up-
state Biotechnology, Inc.) for the p85 subunit of the phosphatidylinosi-
tol 3-kinase WB (0.25 pg/ml); anti-phospho-MAPK mAb (New England
Biolabs, Inc.) for active ERKI/ERK2 WB (0.5 pg/ml); and anti-MAPK
pAb (New England Biolabs) for total ERKI/ERK2 WB (1 pg/ml). Tyro-
sine phosphorylation of immunoprecipitated proteins was measured by
WB with anti-phosphotyrosine mAb (Transduction Laboratories) (0.03
wng/ml). Western blots were developed using an ECL chemiluminescence
kit (Amersham Pharmacia Biotech). The intensity of bands represent-
ing relevant proteins was measured by laser densitometry scanning.

RESULTS

IGF-IR Overexpression Stimulates Cell-Cell Adhesion
through an E-cad-dependent Mechanism—First, we demon-
strated that under three-dimensional culture conditions, over-
expression of the IGF-IR stimulated cell-cell adhesion in E-cad-
positive MCF-7 breast cancer cells but not in E-cad-negative
MDA-MB-231 cells (Fig. 1, A and B) (Table I). However, co-
expression of the IGF-IR and E-cad resulted in robust cell-cell
adhesion of MDA-MB-231 cells, whereas the expression of E-
cad alone was less efficient in inducing intercellular contacts
(Fig. 1, C and D) (Table I). These results, together with our
previous data showing that IGF-IR-mediated aggregation in
MCF-7 cells is blocked with an anti-E-cad antibody (7), indi-
cated that IGF-IR adhesion signals are transmitted through
the E-cad complex.

IGF-IR Overexpression Up-regulates Z0O-1—We tested
whether high levels of the IGF-IR affect the expression of the
proteins within the E-cad complex and found that in MCF-7
and MCF-7/IGF-IR cells cultured as three-dimensional sphe-
roids, the levels of E-cad and a-, 8-, and y-catenin were similar.
However, the abundance of ZO-1 was significantly increased in
MCF-7/1GF-IR cells (Fig. 2). The tyrosine phosphorylation of
all these adhesion proteins was undetectable in spherocids and
was not influenced by IGF-IR overexpression (Fig. 5 and data
not shown).

To investigate whether the increased expression of ZO-1 in
MCF-7/IGF-IR cells depends on IGF-IR tyrosine kinase activ-
ity, we generated by stable or transient transfection MCF-7/
IGF-IR/Y3F cells expressing high levels of a kinase-defective
IGF-IR mutant (IGF-IR/Y3F). The overexpression of the IGF-
IR/Y3F mutant resulted in impaired IGF-I response, which was
reflected by markedly reduced IGF-IR and IRS-1 tyrosine phos-
phorylation, decreased IRS-1/p85 binding, and diminished
ERKI/ERK2 stimulation (Fig. 3). The basal expression of ZO-1
in MCF-7/IGF-IR/Y3F cells was significantly reduced com-
pared with that in MCF-7/IGF-IR cells, indicating that tyrosine
kinase activity of the IGF-IR is required for the up-regulation
of ZO-1 (Fig. 3). Interestingly, the inhibition of IGF-I response
did not affect E-cad expression, suggesting a selective action of
the IGF-IR toward ZO-1 (Fig. 3). The blockade of the IGF-IR
signal in MCF-7/IGF-IR/Y3F cells coincided with reduced cell-
cell adhesion (Table 1).

Z0-1 mRNA and Protein Expression Is Regulated by IGF-
I—To establish whether the activation of the IGF-IR by IGF
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IGF-IR

F16. 1. IGF-IR overexpression stimulates cell-cell adhesion in
E-cad-positive but not in E-cad-negative breast cancer cells. A,
E-cad-positive MCF-7 and MCF-7/IGF-IR cells and E-cad-negative
MDA-MB-231 and MDA-MB-231/IGF-IR cells were cultured in normal
growth medium as three-dimensional spheroids for 24 h as described
under “Materials and Methods” and then photographed under phase
contrast microscopy. a, MCF-7 cells expressing ~6 X 10* IGF-IR/cell
(7); b, MCF-7/IGF-IR, clone 12 expressing ~5 X 10° IGF-IGF-IR/cell (7);
¢, MDA-MB-231 cells with ~7 X 10® IGF-IGF-IR/cell (24), and d, MDA-
MB-231/IGF-IR, clone 31 with ~3 X 10° IGF-IR/cell.? The bar in a
equals 50 um. B, IGF-IR levels in cells pictured in Fig. 14, a—d were
assessed by WB in 50 pg of cell lysate as described under “Materials and
Methods.” C, MDA-MB-231 and MDA-MB-231/IGF-IR cells were tran-
siently transfected with the E-cad expression plasmid (b and d) or a
vector alone (¢ and ¢) and then cultured in suspension as three-dimen-
sional spheroids. The bar in a equals 100 um. D, E-cad levels in cells
pictured in Fig. 1C, a—d were determined by WB in 50 pg of cell lysate,
as described under “Materials and Methods.”

produces a similar effect on ZO-1 as that seen with IGF-IR
overexpression, we studied ZO-1 mRNA and protein in MCF-7
and MCF-7/IGF-IR cells treated with 20 ng/ml IGF-I for 1-72 h
(Fig. 4). In MCF-7 cells cultured in SFM, the basal levels of
Z0-1 mRNA were low and were markedly increased between 4
and 36 h of IGF-I treatment (Fig. 4A). In contrast, the abun-
dance of ZO-1 mRNA was always elevated in MCF-7/IGF-IR
cells and was only moderately improved by IGF-I (4-72 h) (Fig.
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A MCF-7/
MCF-7 IGF-IR
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MCF-7 cL12 cl.15 cl17
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Fic. 2. Expression of adhesion proteins in MCF-7 and MCF-7/
IGF-IR cells. The expression of adhesion proteins and the IGF-IR was
studied in 50 ug of protein lysates obtained from cells cultured as three-
dimensional spheroids in normal growth medium. MCF-7/IGF-IR cells are
pooled MCF-7/IGF-IR clones 12, 15, and 17 (see “Materials and Meth-
ods”). A, the levels of the IGF-IR; E-cad; -, 8-, y-catenin (cat); and ZO-1
detected by WB using specific antibodies (see “Materials and Methods”).
B, the expression of ZO-1 in MCF-7 cells and in MCF-7/IGF-IR clones (cl.)
12, 17, and 15, expressing ~5 X 10°, 1 X 10% and 8 X 10 IGF-IR/cell,
respectively (7).

4A). ZO-1 protein levels in IGF-I-treated cells generally re-
flected the expression of ZO-1 mRNA (Fig. 4B).

Interactions of ZO-1 with the E-cad Complex in MCF-7/
IGF-IR Cells—It has been recently reported that ZO-1 is an
element of the E-cad complex (12-14). This complex also con-
tains the IGF-IR, as described in our previous work (7, 8). Here,
we analyzed tyrosine phosphorylation status of the IGF-IR,
E-cad, and ZO-1, and the interactions among these proteins in
MCF-7 and MCF-7/IGF-IR cells cultured as three-dimensional
spheroids (Fig. 5). The autophosphorylation of the IGF-IR was
elevated in MCF-7/IGF-IR cells, reflecting the increased re-
sponsiveness of the cells to IGF-IR ligands (IGF-I, IGF-II, and
insulin) present in serum. However, tyrosine phosphorylation
of E-cad and ZO-1 were unaffected by IGF-IR overexpression
(Fig. 5A). Similarly, high levels of the IGF-IR did not affect
tyrosine phosphorylation of a-, B-, or y-catenin (data not
shown). Next, we asked whether hyperactivation of the IGF-IR
and increased expression ZO-1 have consequences for the asso-
ciations among the proteins within the E-cad complex. Co-immu-
noprecipitation experiments demonstrated that IGF-IR overex-
pression resulted in an increased abundance of IGF-IR-E-cad and
IGF-IR-ZO-1 complexes (Fig. 5A). Also, the elevated levels of
Z0-1 in MCF-7/IGF-IR cells coincided with an increased associ-
ation of ZO-1 with either E-cad or the IGF-IR (Fig. 54). Moreover,
the binding of a-catenin (a ZO-1-associated protein) to the IGF-IR
or ZO-1 but not to E-cad was greater in MCF-7/IGF-IR cells than
in MCF-7 cells (Fig. 5A4). The presence of a-catenin in IGF-IR
immunoprecipitates was confirmed with cell lysates in which
c-catenin was first removed with a specific antibody. As ex-
pected, immunoprecipitation of such depleted lysates with either
anti-IGF-IR or anti-E-cad antibodies revealed reduced a-catenin/
E-cad and a-catenin/IGF-IR associations (Fig. 5B). Further ex-
periments with o-catenin immunoprecipitates indicated in-

WT Y3F

IGF-I

IGF-IR, PY
IGF-IR

IRS-1, PY

IRS-1
IRS-1/p85

p-ERK1/2
ERK1/2

70-1

E-cad

Fic. 8. ZO-1 expression is inhibited in MCF-7/IGF-IR/Y3F cells.
MCF-7/IGF-IR cells expressing the wild-type IGF-IR (WT) and MCF-7/
IGF-IR/Y3F cells stably transfected with a dominant-negative kinase-
defective IGF-IR mutant (Y3F) were synchronized in SFM for 36 h and
then stimulated for 15 min with 20 ng/ml IGF-I as described under
“Materials and Methods.” The expression and tyrosine phosphorylation
(PY) of the IGF-IR and IRS-1 in the cells were detected by immunopre-
cipitation and WB in 500 ug of protein lysates. The binding of the p85
subunit of the phosphatidylinositol 3-kinase to IRS-1 (IRS-1/p85) was
studied by WB in IRS-1 immunoprecipitates. The expression of active
ERKI/ERK2 (p-ERK1/2), total ERK1/2, ZO-1, and E-cad was evaluated
by WB in 50 pg of total protein lysates. The specific antibodies used are
listed under “Materials and Methods.” Similar results were obtained
with MCF-7 cells transiently transfected with the IGF-IR/Y3F expres-
sion vector.

A

IGF-Ith) 0 1 2 4 8 1224364872
o stk . ZO-1 mRNA

MCF-7

Z0-1 mRNA
MCF-7IGF-IR
WiHWWwWEewwwl

188
B
IGFI(®) 0 4 8 12 24 48
MCF-7 - 70-1
MCF-71GF-IR (A R R g zo1

Fic. 4. Z0-1 mRNA and protein are regulated by IGF-L A,
MCF-7 cells and MCF-7/IGF-IR were synchronized in SFM (time 0) and
then stimulated with 20 ng/ml IGF-I for different times (1-72 h). The
expression of 7.8-kilobase ZO-1 mRNA in MCF-7 and MCF-7/IGF-IR
cells was studied by Northern blotting in 20 ug of total RNA using a
[**P]dCTP-labeled ZO-1 probe (described under “Materials and Meth-
ods”). 28 and 18 S rRNA are shown as a control of RNA loading. B, the

expression of ZO-1 protein in IGF-I-treated cells was detected by WB as
described under Fig. 3.

creased abundance of a-catenin-actin and a-catenin-ZO-1
complexes in MCF-7/IGF-IR cells (Fig. 5C). A hypothetical model
of possible interactions between adhesion proteins and the
IGF-IR is shown in Fig. 6.

o
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FiG. 5. Interactions of ZO-1 with the IGF-IR in the E-cad com-
plex. A, the IGF-IR, E-cad, and ZO-1 were immunoprecipitated from
500 ug of total protein lysates obtained from MCF-7 and MCF-7/IGF-IR
cells cultured as three-dimensional spheroids in normal growth me-
dium. The immunoprecipitates (IP) were then probed by Western blot-
ting (WB) for phosphotyrosine (PY), the IGF-IR (~97 kDa), ZO-1 (~220
kDa), E-cad (~120 kDa), and a-catenin (~102 kDa). B, to confirm
a-catenin presence in IGF-IR immunoprecipitates, the lysates were
first treated with anti-a-catenin antibodies (Zymed Laboratories Inc.)
overnight to deplete a-catenin and then immunoprecipitated with ei-
ther anti-E-cad or anti-IGF-IR antibodies. The E-cad and IGF-IR im-
munoprecipitates were then probed with another anti-a-catenin anti-
body (Sigma). Note significantly reduced a-catenin associations with
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MCF-7/1GF-IR

IGF IR E- cad
B- or y-cat

oc-cat —_
NG N
actin —Z0-1 actin —Z0-1

FiG. 6. Possible interactions between ZO-1 and the IGF-IR
within the E-cad complex. The well established connections between
E-cad, catenins, and actin are shown as solid lines. The proposed
connections between the IGF-IR, a-catenin, ZO-1, and actin are drawn
as broken lines. At present, it is not known whether the IGF-IR inter-
acts with a-catenin directly or if other intermediate proteins are
involved.

MCF-7
IGF-}R E-cad

Down-regulation of ZO-1 Results in Decreased Cell-Cell Ad-
hesion in MCF-7/IGF-IR Cells—Because the results suggested
that ZO-1 may be an important intermediate in IGF-IR-stim-
ulated cell-cell adhesion, we set out to confirm this notion using
MCF-7/IGF-IR cells in which ZO-1 levels were down-regulated
by the expression of an anti-ZO-1 RNA (MCF-7/IGF-IR/anti-
Z0-1 cells) (Fig. 7). The clones with the best ZO-1 reduction and
an intact E-cad and IGF-IR expression were analyzed in three-
dimensional culture. The cell-cell adhesion of MCF-7/IGF-IR/
anti-ZO-1 cells was greatly inhibited compared with that in the
parental MCF-7/IGF-IR cells (Fig. 7 and Table 1). The expres-
sion of the anti-ZO-1 plasmid in the parental MCF-7 cells was
toxic, and no viable clones were obtained. The transfection of
the sense-ZO-1 vector had no effect on cell-cell adhesion (data
not shown).

DISCUSSION

Cell-cell adhesion is a known factor modulating the motility
of tumor cells and consequently impacting tumor metastasis
(26). The regulation of this process by exogenous growth factors
is still not well understood. In E-cad-positive breast cancer
cells, the overexpression or activation of the IGF-IR has been
shown to stimulate cell-cell adhesion and reduce cell spreading
in vitro or in organ culture (7-10). The IGF-IR has also been
found co-localized and co-precipitated with the E-cad adhesion
complex (7, 8). The mechanism of IGF-IR-stimulated E-cad-de-
pendent cell-cell adhesion is unknown and has been investi-
gated in this work. We discovered the following observations. 1)
IGF-IR overexpression increased aggregation in E-cad-positive
cells but not in E-cad-negative cells. 2) High expression of both
IGF-IR and E-cad markedly improved cell aggregation in E-
cad-negative cells. 3) IGF-IR-dependent cell-cell adhesion in
E-cad-positive cells did not affect the expression of E-cad or o,
B-, or y-catenins but coincided with up-regulation of ZO-1. 4)
Z0-1 expression was induced by IGF-I and required IGF-IR
tyrosine kinase activity, and 5) high levels of ZO-1 coincided
with an increased IGF-IR/a-catenin/ZO-1 binding and im-
proved ZO-1/actin association, whereas down-regulation of
Z0-1 by the expression of an anti-ZO-1 RNA inhibited IGF-IR-
dependent cell-cell adhesion. We hypothesize that the mecha-
nism or one of the mechanisms by which the activated IGF-IR
stimulates cell-cell adhesion is overexpression of ZO-1 and the
resultant stronger connections between the E-cad complex and
the actin cytoskeleton.

Very little is known about the regulation of ZO-1 by growth

IGF-IR and E-cad compared with that seen in A. C, 500 ug of protein
lysates were precipitated with anti-a-catenin antibody and probed by
WB for a-catenin, actin, and ZO-1. The blots presented in A, B, and C
were identically developed with film exposure time 10 s.
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Fic. 7. Reduced cell-cell adhesion in MCF-7/IGF-IR/anti-ZO-1
cells, MCF-7/IGF-IR/anti-ZO-1 clones were obtained by stable trans-
fection of MCF-7/IGF-IR cells with an anti-ZO-1 RNA expression plas-
mid (see “Materials and Methods”). The levels of ZO-1, IGF-IR, and
E-cad in the parental MCF-7/IGF-IR cells (A) and in the clones (B and
C) were studied by WB in 50 ug of protein lysate. The aggregation of
cells was studied in three-dimensional culture as described under “Ma-
terials and Methods.” The bar in B represents 50 um.

factors. Several growth factors (e.g. epidermal growth factor
and vascular endothelial growth factor) have been demon-
strated to increase tyrosine phosphorylation of ZO-1 in differ-
ent cellular model systems (18, 19). Hyperphosphorylation of
ZO-1 usually coincides with its departure from tight junctions
into the cytoplasm and with increased permeability (18, 19). In
addition, v-Src-increased ZO-1 tyrosine phosphorylation has
been linked to decreased cell-cell adhesion (27). IGF-I, on the
other hand, has been shown to stabilize ZO-1 in tight junctions
and to preserve the epithelial barrier in embryonic kidney cells
and in pig thyrocytes (28, 29). However, the effects of IGF-I on
Z0-1 expression and function in breast cancer cells have never
been explored. Our findings provide the first evidence that the
activation of the IGF-IR up-regulates ZO-1 mRNA and protein
levels without affecting ZO-1 tyrosine phosphorylation. Con-
sistent with the results obtained in other models, we noted
increased adhesion in cells overexpressing ZO-1 and reduced
aggregation in cells with down-regulated ZO-1 levels.

IGF-IR tyrosine phosphorylation was required for the stim-
ulation of ZO-1 expression, inasmuch as the basal levels of
Z0-1 were not increased in MCF-7/IGF-IR/Y3F cells expressing
a dominant-negative, kinase-defective mutant of the IGF-IR.
However, the putative IGF-I signaling pathways leading to
Z0-1 expression have yet to be characterized. Our preliminary
data with MCF-7/IRS-1 cells, in which the major IGF-IR/IRS-
1/phosphatidylinositol 3-kinase growth/survival pathway is hy-
peractivated (1), suggested that this pathway is not involved in
ZO0-1 regulation (data not shown).

The clinical implications of IGF-induced and ZO-1-mediated
cell-cell adhesion on tumor development and progression are
unknown. Until now, the data from our and other laboratories
suggest that in E-cad-positive breast cancer cells IGF-IR im-
proves cell-cell adhesion and cell survival in three-dimensional
culture but at the same time reduces cell spreading (1). Thus,
one consequence of IGF-IR overexpression in breast cancer

could be increased growth and survival of the primary tumor
but reduced cell metastasis. This hypothesis is consistent with
the observation that the IGF-IR is a good prognostic indicator
for breast cancer, as tumors with good prognosis express much
higher levels of the IGF-IR than tumors with bad prognosis (1,
30, 31). Notably, an independent study has shown that in
breast tumors, E-cad and ZO-1 are co-expressed and are mark-
ers of a more differentiated phenotype (17). A formal analysis of
the correlations between ZO-1 and the IGF-IR is underway in
our laboratory and should help in clarifying the role of the
IGF-IR in breast cancer progression.
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The insulin-like growth factor-I receptor (IGF-IR) is a ubiquitous multifunctional
tyrosine kinase that has an important role in normal cell growth and development.
However, abnormal stimulation of IGF-IR signaling has been implicated in the
development of different types of tumors. The strong antiapoptotic activity of IGF-IR
has been recognized as critical in IGF-l-dependent tumorigenesis, however, the
impact of other IGF-IR functions, such as regulation of cell—cell and cell-matrix
adhesion are also increasingly acknowledged. Here, on the mode! of breast cancer
cells, we discuss how IGF-IR-dependent regulation of intercellular adhesion may
affect cell survival, resistance to antiestrogens, and invasion.  J. Cell. Physiol. 194:

108-116, 2002. ® 2002 Wiley-Liss, Inc.

The research of the past decade provided ample
evidence that the insulin-like growth factor-I receptor
(IGF-IR) regulates normal cell growth and development,
but its abnormal stimulation can contribute to the
development of different types of tumors. The strong
antiapoptotic activity of IGF-IR has been recognized as
critical in IGF-I-dependent tumorigenesis, however, the
impact of other IGF-IR functions, such as regulation of
cell—cell and cell-matrix adhesion are also increasingly
acknowledged. Here, on the model of breast cancer cells,
we discuss how IGF-IR-dependent regulation of inter-
cellular adhesion may affect cell survival, resistance to
antiestrogens, and invasion.

INSULIN-LIKE GROWTH FACTOR-I
RECEPTOR (IGF-IR)

IGF-IR is an evolutionary conserved and ubiquitous
transmembrane tyrosine kinase activated by IGF-I,
IGF-II or insulin at hyperphysiological doses (Blakesley
et al,, 1999). IGF-IR is capable of regulating diverse
biological processes such as proliferation, survival,
transformation, differentiation, cell—cell, and cell—sub-
strate interactions (reviewed in Baserga, 1999, 2000;
Adamset al., 2000; Le Roith, 2000; O’Connor et al., 2000;
Surmacz, 2000; Valentinis and Baserga, 2001). The
functions of IGF-IR in a given cellular system rely on the
induction of specific signaling pathways. Which path-
ways are induced depends on the number of activated
IGF-IRs, availability of intracellular signal transducers,
action of negative regulators, and is influenced by
extracellular modulators (Surmacz, 2000). Activation
of IGF-IR results in tyrosine phosphorylation of its
cytoplasmic beta-subunit, followed by recruitment of
IGF-IR substrates, of which the most notable are in-
sulin receptor substrate 1 (IRS-1) and sre- and collagen-

© 2002 WILEY-LISS, INC.

homology (SHC) protein. IGF-IR-induced tyrosine phos-
phorylation of IRS-1 and SHC allows them to bind
several effector proteins (enzymes and/or adapters) and
activate multiple downstream signaling pathways
(Shepherd et al., 1998; White, 1998; Adams et al.,
2000; O’Connor et al., 2000; Surmacz, 2000; Burks and
White, 2001).

A well-recognized and extensively studied function of
IGF-IR isits antiapoptotic activity (Baserga, 1999, 2000;
Blakesley et al., 1999; Le Roith, 2000; O’Connor et al.,
2000; Valentinis and Baserga, 2001). IGF-IR can
transmit survival signals through multiple, partially
redundant, pathways. For instance, there are at least
three pathways induced by IGF-IR all leading to the
phosphorylation and inactivation of a pro-apoptotic
protein BAD, namely, the IRS-1/PI-3K/Akt pathway,
the SHC/Ras/ERK1/2 pathway, and mitochondrial
translocation of Raf-1 (Peruzzi et al., 1999, 2001). In
addition, stimulation of the Akt pathway by IGF-I
represses the activity of GSK3-beta kinase leading to
the accumulation of two GSK-3-beta targets: cyclin D1
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and beta-catenin (Ferkey and Kimelman, 2000; Desbois-
Mouthon et al., 2001; Satyamoorthy et al., 2001; Yu
et al., 2001). Higher levels of cyclin D1 result in the
stabilization of the cyclin D1:cdk4 complex, hyperpho-
sphorylation of Rbl and stimulation of transcription
of growth-related genes. The accumulation of beta-
catenin, its translocation to the nucleus and binding to
the T-cell factor (Tef) transcriptional complex results
in the activation of transcription of several growth/
survival proteins, such as c-Myc, cyclin D1, and Id2
(Behrens, 1999, 2000; Novak and Dedhar, 1999;
Rockman et al., 2001). Further positive effects of IGF-
IR on cell cycle machinery include upregulation of cyclin
E expression and increased activation of cyclin E:cdk2
complexes (Dupont et al., 2000). Other mitogenic/
survival IGF-IR pathways operating in some cellular
systems involve signal transducers and activators of
transcription (STATs) (Zong et al., 1998, 2000; Prisco
et al., 2001).

Importantly, several of the IGF-IR growth/survival
pathways are engaged in a crosstalk with pathways
induced by cell—cell or cell-matrix interactions, for
instance SHC (Wary et al., 1996; Mauro et al., 1999),
IRS-1 (Vuori and Ruoslahti, 1994; Reiss et al., 2001),
IRS-2 (Shaw, 2001) associate with different integrin
receptors and transmit matrix-dependent survival
signals. Different elements of IGF-IR signaling system
(IGF-IR, IRS-1, SHC) also interact with the molecules
involved in the regulation of cell-cell adhesion, and
IGF-I-dependent cell-cell adhesion has been shown to
improve cell survival (Guvakova and Surmacz, 1997;
Mareel et al., 1997; Surmacz et al., 1998; Surmacz, 2000;
Valentinis et al., 1998; Mauro et al., 2001).

It is now quite evident that IGF-IR is an important
factor in the development and progression of neoplastic
processes. Numerous clinical and experimental data
indicated that IGF-IR is involved in the tumorigenesis of
breast (Surmacz, 2000), prostate (Djavan et al., 2001;
Nickerson et al., 2001), pancreas (Kore, 1998), lung (Wu
et al., 2000), colon (Giovannucci, 2001), liver (Scharf
et al., 2001), ovary (Burroughs et al., 2002; Druckmann
and Rohr, 2002), brain (Zumkeller and Schwab, 1999),
and bladder (Hursting et al., 2001). The tumorigenic
potential of IGF-IR usually relies on hyperactivation of
IGF-I signaling. Generally, this hyperactivation is
related to overabundance of the ligand, overexpression
of the receptor, or upregulation of the PI-3K/Akt path-
way resulting from overexpression of signaling sub-
strates, such as IRS-1 and/or inactivation of PTEN
phosphatase (Surmacz, 2000; Reiss et al., 2001; Bur-
roughs et al., 2002; Nicholson and Anderson, 2002).
Here we focus on one of the consequences of IGF-IR
overexpression in breast cancer cells, i.e., increased
cell—cell adhesion. We discuss the relevance of this
phenomenon to cancer cell survival, antiestrogen-
resistance, and invasive capacity.

CELL-CELL ADHESION AND
THE E-CADHERIN COMPLEX

Cell—cell adhesion plays a critical role in normal
organogenesis and differentiation but can also regulate
processes such as proliferation, survival, migration,
invasion (Gumbiner, 1996; Yamada and Geiger, 1997;
Potter et al., 1999). Intercellular adhesion primarily
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involves direct homophilic interactions between cell-
surface molecules such as the cadherins (Takeichi, 1990,
Takeichi, 1991; Boggon et al., 2002). Cadherins are
calcium-dependent cell-cell adhesion molecules that
mediate homotypic interactions among cells and mod-
ulate tissue morphogenesis (Takeichi, 1991). The cad-
herin family includes the N-, P-, R-, B-, and E-cadherins
as well as approximately 10 other members (Kemler,
1992; Takeichi, 1995; Adams, 1997). The structure of a
typical classic cadherin consists of an amino-terminal
external domain having five tandem repeats, a single
transmembrane segment, and a cytoplasmic carboxy-
terminal domain of approximately 150 amino acids. The
binding functions of the cadherin are localized in the
amino-terminal tandem repeat, whereas the other
repeats are bridged by calcium binding sites that impart
rigidity to the molecule (Aberle et al., 1996).

A well-studied functional element of adherens junc-
tions is the adhesion complex organized around epi-
thelial cadherin (E-cad) (Fig. 1). Several molecules
associate with E-cad linking it to the actin cytoskeleton.
The carboxy-terminal part of the cytoplasmic domain of
E-cad associates with beta-catenin or plakoglobin (also
called gamma catenin) whereas the juxtamembrane
partbinds to p120 catenin (Ozawa et al., 1990; Yapet al.,
1998). Beta-catenin and plakoglobin directly interact
with the cytoplasmic tail of E-cad but form mutually
exclusive complexes (Hulsken et al., 1994). Via their
amino-terminal domains both proteins associate with
the vinculin-related protein alpha-catenin which in turn
links to actin filaments (Herrenknecht et al., 1991;
Nagafuchi et al.,, 1991; Geiger and Ayalon, 1992;
Kemler, 1992; Hulsken et al., 1994; Watabe-Uchida
et al., 1998; Weiss et al., 1998).

Reduced, absent, or altered expression of E-cad and/or
catenins, and defective cell—cell connections have been
shown to contribute to the development and progression
of different tumors (Berx and Van Roy, 2001; Van Aken
et al., 2001; Bremnes et al., 2002; Conacci-Sorrell et al.,
2002; Hajra and Fearon, 2002). In breast cancer,
invasive lobular carcinomas are typically completely
E-cad-negative and often show inactivating mutations
in E-cad gene. Ductal breast cancers in general show
heterogeneous loss of E-cad expression, associated with
epigenetic transcriptional downregulation. It has been
suggested that the microenvironment at the invasive
front can transiently downregulate E-cad transcription.
This can be associated with induction of nonepithelial
cadherins (Berx and Van Roy, 2001; Wheelock et al.,
2001).

Several studies demonstrated that E-cad has tumor
suppressor function. For instance, re-expression of E-
cad in E-cad-negative mammary breast cancer cells
induced cell—-cell adhesion and reduced bone and lung
metastasis (Takeichi, 1990; Frixen et al., 1991; Mareel
et al., 1994; Mbalaviele et al., 1996; Meiners et al., 1998;
Mauro et al., 2001). Similarly, the transgenic E-cad
expression in nude mice blocked metastatic process,
while the expression of a dominant negative E-cad
promoted early invasion and metastasis in a pancreatic
beta-cell carcinogenesis model (Perl et al., 1998). The
inactivation of E-cad by specific antibodies results in the
loss of cell—cell contact (Behrens et al., 1989; Mareel
et al., 1995, 1996; Kandikonda et al., 1996; Guvakova
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and Surmacz, 1997). Decreased cell—cell connections
have been associated with increased cell migration or
decreased cell survival (Bracke et al., 1997; Mareel et al.,
1997; Keirsebilck et al., 1998; Van Aken et al., 2001).

REGULATION OF THE
E-CADHERIN COMPLEX

The function of the E-cad-complex can be regulated
not only by the abundance of E-cad and catenins but also
by posttranslational modifications of these proteins,
most notably by tyrosine phosphorylation. For instance,
the experiments of Daniel and Reynolds (1997) demon-
strated that treatment of epithelial cells by orthovana-
date, which blocks tyrosine phosphatase, leads to rapid
and reversible loss of cell—cell contacts. The main target
of tyrosine phosphorylation in the E-cad complex
appears to be beta-catenin. Increased tyrosine phos-
phorylation of beta-catenin was observed in cells treated
with epidermal growth factor, scatter factor/hepatocyte
growth factor, transforming growth factor beta-1 as
well as in v-Src-transfected cells; in all cases hyper-
phosphorylation of beta-catenin was associated with
decreased intercellular adhesion and increased scatter-
ing (Matsuyoshi et al., 1992; Hazan and Norton, 1998;
Noe et al., 1999; Hirohashi, 2000; Tian and Phillips,
2002). Importantly, several molecules regulating beta-
catenin tyrosine phosphorylation, such as cytoplasmic
and transmembrane tyrosine kinases ¢-Src and c-erbB-2
as well as tyrosine phosphatase LAR were localized to
the E-cad-based adherens junctions (Hoschuetzky et al.,
1994; Ochiai et al., 1994; Daniel and Reynolds, 1997;
Behrens, 1999; Muller et al., 1999; Hirohashi, 2000;
Symons et al., 2002).

IGF-IR MODULATES THE
E-CADHERIN COMPLEX

The role of IGF-IR in the regulation of intercellular
adhesion appears to be cell-specific. For instance, in C10
colorectal cancer cells, IGF-I-stimulated cell spreading,
which was accompanied by tyrosine phosphorylation of
beta-catenin, dissociation of beta-catenin from E-cad
and translocation of beta-catenin from a sub-membrane
to a cytoplasmic compartment (Playford et al., 2000). In
addition, Andre’ et al. (1999) demonstrated enhanced
tyrosine phosphorylation of beta-catenin upon IGF-1
stimulation in an APC-mutated colorectal cancer cell
line, HT29. This resulted in down-regulation of E-cad
and increased cell motility. Thus, in certain cell context,
IGF-IR may inhibit the function of E-cad, which, could
lead to a propensity for metastasis.
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Unlike in C10 and HT29 cells, we found that the
effects of IGF-I in E-cad-positive MCF-7 and MCF-7/6
breast cancer cell lines are related to stabilization rather
than inhibition of cell-cell adhesion. Specifically, we
demonstrated that IGF-I treatment, overexpression of
IGF-IR and overexpression of IGF-I, all resulted in
increased cell—cell adhesion (Bracke et al., 1993; Deman
et al.,, 1995; Vermeulen et al.,, 1995; Guvakova and
Surmacz, 1997; Surmacz et al., 1998; Mauro et al., 2001).
Importantly, the effects of IGF-IR overexpression and
IGF-Itreatment on cell—cell adhesion were blocked with
anti-E-cad antibody and were absent in E-cad-negative
MDA-MB-231 breast cancer cells (Guvakova and
Surmacz, 1997; Mauro et al., 2001).

IGF-IR not only modulates celi—cell adhesion, it also
interacts with the E-cad complex. We found that IGF-IR
co-localized and co-precipitated with E-cad, and some of
the IGF-I signaling molecules are present in E-cad
immunoprecipitates (Fig. 1A) (Guvakova and Surmacz,
1997; Surmacz et al., 1998; Mauro et al., 2001). The
studies on molecular mechanisms of IGF-IR-dependent
cell—cell adhesion indicated that IGF-IR overexpression
or IGF-I treatment of MCF-7 cells did not alter the
expression or tyrosine phosphorylation of E-cad or
alpha-, beta-, or 'gamma-catenins (Guvakova and
Surmacz, 1997; Surmacz et al., 1998; Mauro et al.,
2001). Instead, IGF-I-increased cell—cell adhesion coin-
cided with overexpression of zonula occludens protein-1
(ZO-1). ZO-1 is an ~220 kDa scaffolding protein con-
taining various domains (as SH3 domain, three PDZ
domains, a proline-rich region, and a guanylate kinase
domain) that allow its interaction with specialized sites
of plasma membrane as well as with other proteins
(Willott et al., 1993; Tsukita et al., 1997). ZO-1 is a
characteristic element of tight junctions, but recently its
presence has also been demonstrated in E-cad adherens
junctions (Rajasekaran et al., 1996; Itoh et al., 1997,
Provost and Rimm, 1999; Mauro et al., 2001). The role of
Z0-1 in adherens junctions is still unclear, but it is
assumed that it may functionally link E-cad with the
actin cytoskeleton because it associates with alpha-
catenin and actin through its N- and C-terminus,
respectively (Itoh et al., 1997; Mauro et al., 2001). In
addition, as a member of the membrane-associated
guanylate kinase homologue (MAGUK) family of puta-
tive signaling proteins, ZO-1 may be involved in signal
transduction (Yamamoto et al., 1997).

In breast cancer, ZO-1 is usually co-expressed with
E-cad and is a strong independent marker of a more
differentiated phenotype (Hoover et al., 1998). We

Fig. 1. Co-localization of IGF-IR and E-cad (A) and IGF-IR and ZO-1
B) in MCF-7/IGF-IR cells. A: MCF-7/IGF-IR clone 12 expressing
~250,000 IGF-IR/cell (Guvakova and Surmacz, 1997) were grown on
coverslips in DMEM:F12 plus 5% calf serum (CS) to 50% confluence,
then fixed in 3% paraformaldehyde, permeabilized with 0.2% Triton
X-100, washed 3 x with PBS, and incubated for 1 h with primary
antibodies: anti-IGF-IR pAb (Santa Cruz Biotechnologies, Santa
Cruz, CA) 10 pg/ml and anti-E-cad mAb (Santa Cruz) 2 pg/ml, then
washed with PBS 3x, and incubated with secondary antibodies. The
fluoresceine-conjugated donkey anti-mouse IgG was used as a
secondary Ab for E-cad and rhodamine-conjugated donkey anti-rabbit
IgG was used for IGF-IR. The IGF-IR and E-cad localizations were
studied with Bio-Rad MRC 1024 confocal microscope connected to a

Zeiss Axiovert 135M inverted microscope. The captured images of
IGF-IR (red fluorescence), E-cad (green fluorescence), merged IGF-IR
and E-cad (IGF-IR + E-cad) (yellow fluorescence), and bright field (BF)
are shown. B: IGF-IR was detected with anti-IGF-IR mAb (Calbio-
chem) and fluoresceine-conjugated donkey anti-mouse IgG; ZO-1 was
identified with anti-ZO-1 pAb 10 pg/ml (Zymed) and rhodamine-
conjugated donkey anti-rabbit IgG. The captured images of IGF-IR
(green fluorescence), ZO-1 (red fluorescence), merged IGF-IR and
Z0O-1 (IGF-IR+ZO-1) (yellow fluorescence), and bright field (BF) are
shown. The optical sections in A and B were taken at the central plane.
The fluorophores were imaged separately to ensure no excitation/
emission wavelength overlap. The experiments were repeated three
times with similar results, representative fields are shown.
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found that ZO-1 was overexpressed in breast cancer
cells overexpressing IGF-IR or treated with IGF-L
Furthermore, ZO-1 co-localized and co-immunoprecipi-
tated with IGF-IR (Fig. 1B) (Mauro et al., 2001). High
levels of ZO-1 coincided with increased abundance of
ZO-1/IGF-IR, IGF-IR/alpha-catenin, and ZO-1/actin
complexes. On the other hand, downregulation of
ZO-1 by antisense RNA expression decreased IGF-IR-
dependent cell—cell adhesion (Mauro et al., 2001). Thus,
one of the mechanisms by which the activated IGF-IR
regulates E-cad-mediated cell-cell adhesion is the
overexpression of Z0O-1 and the resulting stronger
connection between the E-cad complex and the actin
cytoskeleton (Mauro et al., 2001).

SOME CONSEQUENCES OF IGF-IR-INCREASED
CELL-CELL ADHESION IN BREAST
CANCER CELLS

In estrogen receptor (ER)-positive breast cancer, IGF-
IR is significantly (up to 14-fold) overexpressed and
hyperphosphorylated compared with normal mammary
epithelium or benign tumors (Resnik et al., 1998;
Surmacz, 2000). The overexpression of IGF-IR cor-
relates with the resistance of tumor cells to anti-cancer
treatments and tumor recurrence at the primary site
(Surmacz, 2000).

Ithasbeen demonstrated that in MCF-7 breast cancer
cells, overexpression of different elements of the IGF
system, such as IGF-IR or IRS-1, results in increased
responsiveness to IGF-I and, in consequence, provides
breast cancer cells with growth advantage and reduced
estrogen growth requirement (Lee and Yee, 1995;
Surmacz et al., 1998). Antiestrogens have been shown
to block estrogen-stimulated growth as well as interfere
with IGF-TIR-dependent proliferation of breast cancer
cells in monolayer culture. In particular, we demon-
strated that in MCF-7 cells, as well as in MCF-7
overexpressing IGF-IR or IRS-1, growth inhibition in
monolayer culture was achieved by a long-term treat-
ment (4 days) with the nonsteroidal antiestrogen 4-OH-
Tamoxifen as well as with the pure antiestrogen ICI
182,780. The primary target of antiestrogen action in
MCF-7 cells and MCF-7 derivatives was IRS-1 and its
downstream signaling through the PI-3K pathway
(Guvakova and Surmacz, 1997; Salerno et al., 1999).

We studied whether antiestrogen-sensitivity can be
affected by cell—cell adhesion. To this end, MCF-7 cells
and MCF-7 cells overexpressing IGF-IR (MCF-7/IGF-IR
cells) were cultured in three-dimensional (3-D) culture.
Under these conditions, MCF-7 cells form small (~50 pm

TABLE 1. Antiestrogen resistance in cells grown in 3-D culture
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in diameter) spheroids, while MCF-7/IGF-IR cells
aggregate into large (~300 um) spheroids (Guvakova
and Surmacz, 1997; Mauro et al., 2001). Both MCF-7
and MCF-7/IGF-IR spheroids are viable for several
days, and MCF-7/IGF-IR spheroids may even increase
in size and cell number during culture. Characteristi-
cally, IGF-IR is constitutively activated in MCF-7/IGF-
IR spheroid cultures (Mauro et al., 2001).

Our results with ICI 182,780 indicated that antiestro-
gen treatment reduced the survival of MCF-7 spheroids
by ~50%, but had no effect on MCF-7/IGF-IR spheroids
(Table 1). However, when MCF-7/IGF-IR aggregates
were disrupted with EGTA or anti-E-cad antibody, ICI
182,780 was able to reduce the number of cell. This
suggested that IGF-IR-dependent cell—cell adhesion
may represent a mechanism of enhanced resistance to
antiestrogen treatment. It has recently been suggested
that N-cadherin-mediated survival involves stimulation
of the Akt pathway and upregulation of antiapoptotic
protein Bel2 or inactivation of proapoptotic protein BAD
(Li et al, 2001; Tran et al., 2002). Our preliminary
results indicated that despite higher tyrosine phosphor-
ylation of IGF-IR in MCF-7/IGF-IR spheroids, in both
cell models, the Akt pathway was activated to a similar
extent under basal conditions and was comparably
inhibited by ICI 182,780 treatment. Thus, the mechan-
ism of antiestrogen resistance in MCF-7/IGF-IR spher-
oids may rely on a pathway distinct from the classic
survival Akt pathway. The nature of this signal is under
investigation in our laboratories.

Next, we probed the effect of IGF-IR-induced cell—cell
adhesion on the invasive potential of breast cancer cells.
We used MCF-7/6 cells that are characterized by a
moderate invasive potential. The cells contain IGF-IR
and express several elements of the E-cad complex
(Bracke et al., 1993; Mareel et al., 1997). We previously
demonstrated that IGF-I treatment decreased invasive-
ness of these cells through an E-cad-dependent mechan-
ism (Bracke et al., 1993; Mareel et al., 1997). Using
precultured chick heart fragments (PHF) we investi-
gated whether overexpression of IGF-IR in MCF-7/6
cells modifies invasiveness (Bracke et al., 1993; Mareel
et al., 1997). Two MCF-7/6/IGF-IR clones A6 and A9,
obtained by stable transfection of IGF-IR ¢cDNA, were
studied. The cells were first aggregated and then cul-
tured in contact with PHF for several days. The degree
of breast cancer cell invasion into PHF was evaluated
by histology. As shown in Table 2 and Figure 2, over-
expression of IGF-IR significantly decreased invasive-
ness of MCF-7/6 cells bringing it to the levels comparable

Control cell number

ICI cell number Viability ICI+1IGF-I cell number  Viability
Cell line (x 10%) (x 10%) (%) (x 105) (%)
MCF-7 3.0+0.0 1.440.1 47 1.8+0.2 57
MCF-7/IGF-IR 3.240.2 3.04+0.1 94 3.7+0.1 >100
MCF-7/IGF-IR + anti-E-cad Ab 2.2+0.1 1.3+0.2 59 1.34+0.2 59
MCF-7/IGF-IR + EGTA 2.0+£0.0 0.7+0.1 35 1.1+0.0 55

s
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TABLE 2. Invasive properties of MCF-7/6/IGF-IR cells

Cell line Day Degree of invasion Cell line Day Degree of invasion
MCF-7/6 4 111 MCF-7/A6/IGF-IR, A6 4 1
MCF-7/6 4 II MCF-7/A6/IGF-IR, A6 4 1
MCF-7/6 4 II-1I1 MCF-7/A6/IGF-IR, A6 4 Lost
MCF-7/6 7 111 MCF-7/A6/IGF-IR, A6 7 I
MCF-7/6 7 III MCEF-7/A6/IGF-IR, A6 7 I
MCF-7/6 7 II1 MCEF-7/A6/IGF-IR, A6 7 I-11
MCF-7/AZ 4 1 MCF-7/A6/IGF-IR, A9 4 I
MCF-7/AZ 4 I MCF-7/A6/IGF-IR, A9 4 I

R MCF-7/AZ 4 I MCF-7/A6/IGF-IR, A9 4 I
MCF-7/AZ i I MCF-7/A6/IGF-IR, A9 7 II
MCF-7/AZ 7 I MCF-7/A6/IGF-IR, A9 7 I
MCF-7/AZ 7 I MCEF-7/A6/IGF-IR, A9 7 I

Invasiveness of MCF-7/6/IGF-IR cells was tested using confronting organ culture with precultured chick heart fragments
(PHF). The cells were studied in parallel with the parental cell line MCF-7/6 (invasive) and control MCF-7/AZ cells (non-
invasive). Briefly, 9-day-old embryonic chick heart fragments were precultured and selected for diameter 0.4 mm. The
heart fragments were confronted with cell aggregates of ~0.5 mm in diameter and cultured for 7 days. After fixation, the
heart fragments were embedded in paraffin, serially sectioned and stained with hematoxylin-eosin. The degree of invasion
of epithelial cell into heart was determined histologically (Bracke et al., 2001). Grade I: The confronting cells are attached
to the PHF, and do not occupy the heart tissue, even not the outermost fibroblastic cell layers. Grade II: Marginal invasion,
limited to the outer fibroblast-like and myoblast cell layers. Grade III: The confronting cells occupy the PHF, but have left
more than half of the original heart tissue intact.

to that seen in MCF-7/AZ cells (non-invasive control,
similar to MCF-7 cells). Notably, overexpression of IGF-
IR in E-cad-negative MDA-MB-231 breast cancer cells
had no effect on their invasive potential.
4 DAYS 7 DAYS In summary, IGF-IR seems to play an important role
in the regulation of intercellular adhesion, but its effects
are cell-specific. Our studies with breast cancer model
indicate that in E-cad positive breast cancer cells, IGF-
IR-dependent adhesion may contribute to cell survival
and antiestrogen resistance in primary tumors; on the
other hand, increased cell—cell adhesion may produce
anti-metastatic effects (Guvakova and Surmacz, 1997;
Surmacz, 2000; Mauro et al., 2001). These observations
agree with the clinical data that in ER-positive primary
breast cancer, IGF-IR is overexpressed and promotes
tumor recurrence and resistance to anti-cancer treat-
ments. Notably, E-cad as well as IGF-IR are usually co-
expressed with ER (Guvakova and Surmacz, 1997;
Surmaczet al., 1998; Berns et al., 1992). The observation
that overexpression of IGF-IR may reduce metastatic
potential in E-cad-positive cells concurs with the clinical
observation that metastatic breast cancer cells express
low levels of both IGF-IR and E-cad and that low IGF-IR
levels correlate with bad prognosis in breast cancer
(Peyrat and Bonneterre, 1992; Railo et al., 1994;
Siitonen et al., 1996; Lee et al., 1999; Schnarr et al.,
2000).

MCF-7/6 (moderately invasive)
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Estrogen receptor-a regulates the degradation of insulin receptor substrates

1 and 2 in breast cancer cells
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In breast cancer cells, 17-f-estradiol (E2) upregulates the
expression of insulin receptor substrate 1 (IRS-1), a
molecule transmitting insulin-like growth factor-I (1GF-I)
signals through the PI-3K/AKkt survival pathways. The
stimulation of IRS-1 by E2 has been documented on the
transcriptional level. Here we studied whether the
expression of estrogen receptor (ER)-a affects IRS
molecules post-transcriptionally. We used ER-a-negative
MDA-MB-231 breast cancer cells and MDA-MB-231
cells with re-expressed ER-a. In MDA-MB-231 cells
cultured under serum-free conditions, IRS-1 and IRS-2
were degraded through the 26S proteasome and calpain
pathways. Re-expression of ER-a in MDA-MB-231 cells
correlated with enhanced stability of IRS molecules. This
effect coincided with significantly reduced ubiquitination
of IRS-1 and IRS-2, but did not involve increased IRS-1
and IRS-2 transcription. The interference of ER-a with
IRS-1 and IRS-2 turnover could rely on the competition
for common degradation pathways, as in MDA-MB-231/
ER cells, ER-a processing was blocked by proteasome and
calpain inhibitors. Notably, a fraction of the cytosolic ER-
@ colocalized and coprecipitated with IRS-1 and IRS-2,
indicating a possible common destination for these
proteins. The stabilization of IRS-1 in MDA-MB-231/
ER cells was paralleled by the upregulation of the IRS-1/
Akt/GSK-3 pathway and improved survival in the
presence of IGF-I, whereas IRS-2 was not involved in
IGF-I signaling. _
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Introduction

Insulin receptor substrates (IRS) 1 and 2, members
of the IRS family of signaling molecules, are major
signaling intermediates of the insulin and insulin-
like growth factor I (IGF-I) receptors (IR and IGF-
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IR). In addition, IRS-1 and IRS-2 transmit signals
of many other receptors (e.g., prolactin, growth
hormone, several interleukins, and interferons, «654
integrins) (Yenush and White, 1997; Aguirre and
White, 2000; Burks and White, 2001; Shaw, 2001). In
response to ligand binding, IRS substrates are tyrosine
phosphorylated, which results in sequestration of
multiple effector molecules and stimulation of
different signaling pathways (Yenush and White, 1997;
Aguirre and White, 2000; Burks and White, 2001).
The most notable is the PI-3K/Akt pathway that
regulates cell growth and survival as well as different
nonmitogenic functions in various cell systems (Shep-
herd et al., 1998) Although the functions of IRS-1 and
IRS-2 can partially overlap, the data obtained with
knockout animals indicated that IRS-1 and IRS-2 may
have unique roles (Burks and White, 2001; Fasshauer
et al., 2001).

Aberrant expression of IRS molecules has been
associated with pathogenesis of diabetes as well as with
the development of cancer of the breast, pancreas, and
liver (Sasaki et al., 1993; Bergmann et al., 1996;
Kornmann et al., 1998; Spector et al., 1999; Aguirre
and White, 2000; Surmacz, 2000; Ducluzeau et al., 2001;
Sachdev and Yee, 2001). However, the mechanisms
controlling cellular abundance of these substrates are
only partially known. Recent studies indicated that the
expression of IRS-1 and IRS-2 is developmentally
regulated and cell context-dependent, and may involve
transcriptional and post-transcriptional events (Giovan-
none et al., 2000). For instance, 17-f-estradiol (E2) has
been shown to increase IRS-1 mRNA expression, while
antiestrogens decrease IRS-1 mRNA levels (Guvakova
and Surmacz, 1997; Lee et al., 1999; Salerno et al., 1999,
Molloy et al., 2000; Surmacz, 2000; Mauro et al., 2001;
Sachdev and Yee, 2001). Glucocorticoids inhibit IRS-1,
but stimulate IRS-2 mRNA expression (Turnbow et al.,
1994; Dupont et al., 1999; Sakoda et al., 2000).
Furthermore, IRS-2 transcription can be induced by
progesterone and PPAR gamma agonists and inhibited
by insulin (Vassen et al., 1999; Smith ef al., 2001; Zhang
et al., 2001).

In addition to the transcriptional control, cellular
abundance of IRS proteins is regulated by post-
transcriptional mechanisms, especially those controlling
protein processing. For instance, in 3T3-L1 adipocytes,
chronic exposure to insulin increased IRS-1 serine/
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threonine phosphorylation and resulted in IRS-1
degradation through the 26S proteasome (Sun et al.,
1999; Pederson et al, 2001). Similarly, prolonged
exposure of MCF-7 breast cancer cells and prostate
epithelial cells to IGF-I increased IRS-1 ubiquitination
and subsequent degradation in a 26S proteasome-
dependent manner (Lee ef al, 2000; Zhang et al.,
2000). Other study with 3T3-L1 cells implicated calpain,
a calcium-dependent neutral protease, in the degrada-
tion of IRS-1 in response to chronic insulin treatment
(Smith er al., 1993, 1996). The lysosomal pathway has
been reported as not involved in IRS-1 processing (Rice
et al., 1993).

IRS-2 has been described to undergo degradation
through the 26S proteasome in 3T3-L1 cells, Fao
hepatoma cells, mouse embryo fibroblasts (Rui et al.,
2001) and mouse uterine cells (Richards ez al., 2001).
However, in CHO cells, prolonged insulin exposure did
not affect IRS-2 stability, while it resulted in proteaso-
mal processing of IRS-1 (Sun et al., 1999).

The proliferation and survival of hormone-responsive
breast cancer cells is influenced by crosstalk between
the estrogen receptor-x (ER-x) and IGF-IR. An
important feature of this interplay is upregulation of
IGF-IR signaling by activated ER-a (Surmacz, 2000;
Sachdev and Yee, 2001). Especially, E2 has been shown
to increase transcription and expression of IRS-1,
potentiating the IRS-1/PI-3K/Akt pathway (Lee et al.,
1999; Surmacz, 2000; Sachdev and Yee, 2001).
The regulation of IRS molecules by ER-¢ on the
post-transcriptional level, especially on the level of
protein degradation, has not been studied and is a
subject of this work. Considering that the 26S protea-
some and calpain pathways have been implicated in
the degradation of ER-o (Murayama et al., 1984;
Shiba et al., 1996, Nawaz et al., 1999; Lonard et al.,
2000), we explored the idea that ER-o and IRS
substrates may compete for the same degradation
processes. To better distinguish between the transcrip-
tional and post-transcriptional regulation of IRS-1
and IRS-2 by ER-u, we developed MDA-MB-231/ER
breast cancer cells, in which ER- does not affect IRS-1
and IRS-2 mRNA synthesis. The degradation of
IRS-1 and IRS-2 was studied in MDA-MB-231/ER
cells and compared to that in ER-a-negative MDA-
MB-231 cells.

Results

Re-expression of ER-0. in MDA-MB-231 cells coincides
with decreased degradation of IRS-1 and IRS-2

MDA-MB-231 cells are ER-a-negative breast cancer
cells expressing IRS-1 and IRS-2. To investigate the
expression of IRS substrates in the presence or absence
of ER-a, we reintroduced ER-o into MDA-MB-231 cells
by stable transfection. Several clones positive for ER-«
expression were pooled to generate a mixed population
of MDA-MB-231/ER cells. In growing MDA-MB-231 /
ER cells (day 0), the levels of IRS-1 and IRS-2 were
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greater than that in the parental ER-a-negative cells
(Figure 1a) During cell culture in SFM, the abundance
of IRS-1 and IRS-2 in MDA-MB-231 cells further
declined, reaching minimal levels at day 3, when the
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Figure 1 Expression of ER-¢ in MDA-MB-231 cells prevents
degradation of IRS-1 and IRS-2. (a) Confluent cultures (70%) of
MDA-MB-231 (231) and MDA-MB-231/ER (231/ER) cells were
shifted to SFM for 0 (media change), 1, and 3 days. At indicated
times, the cells were lysed and 50 ug of protein lysates were probed
by WB for the expression of IRS-1, IRS-2, ER-« (ER), and B-actin
(actin), as described in Materials and methods. The statistical
variation of IRS-1 and IRS-2 protein expression is shown in the
graph (bars, SE). (b) Total cellular RNA was isolated from MDA-
MB-231 and MDA-MB-231/ER cells cultured in SFM for 0,1,and
3 days. The expression of IRS-1, IRS-2, and f-actin (control of
RNA input) mRNA was evaluated by RT-PCR as described in
Materials and methods. The PCR products corresponding to IRS-
1, IRS-2, and B-actin ¢cDNA fragments (762, 381, and 209bp,
respectively) were obtained at 25 and 35 PCR cycles. To control the
purity of RNA, the RT step was omitted before the samples were
amplified by PCR. The experiments were repeated three times with
the same result. (c) The half-life of IRS-1 was determined in MDA-
MB-231 and MDA-MB-231/ER cells by pulse-chase with S, as
described in Materials and methods. IRS-1 abundance was
analysed at 0, 2, 4, 8, and 12h in cells cultured in SFM. The
results, expressed as percentage control (IRS-1 levels at time 0) are
represented in the graph
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Figure 2 Degradation pathways of IRS-1, IRS-2, and ER-« in
MDA-MB-231/ER cells. MDA-MB-231/ER cells were treated with
E2, MG 132 (MG), MG 132 plus E2, calpastatin (Calp), and
calpastatin plus E2 as described in Materials and methods.
Following the treatment, the cells were lysed and 25pug of total
protein lysates were analysed by WB with specific Abs to detect
IRS-1 and IRS-2 (a), and ER-x (b). To control for protein loading,
the blots in (a) and (b) were stripped and re-probed with anti-g-
actin Ab. The graphs represent the expression of each protein
(+s.e) relative to the expression of actin measured by laser
scanning. The experiments were repeated four times

expression of IRS-1 and IRS-2 relative to the basal
levels decreased by ~2.3- and 2.0-fold, respectively. In
contrast, in MDA-MB-231/ER cultured in SFM, the
levels of IRS-1 and IRS-2 remained nearly unchanged
(Figure 1a).

To investigate whether the increased abundance of
IRS-1 and IRS-2 in the presence of ER-a reflected
increased transcription, the expression of IRS-1 and
IRS-2 mRNAs was assessed by RT-PCR at days 0, 1,
and 3. At all time points, the abundance of the PCR
products obtained at 25 and 35 cycles was similar in
MDA-MB-231 and MDA-MB-231/ER cells, indicating
that re-expression of ER-a did not affect IRS-1 and
IRS-2 on the transcriptional level (Figure 1b).

Consequently, we explored the possibility that the
presence of ER-a might affect the stability of IRS-1 and
IRS-2. We measured the half-life of the IRS molecules
by *S pulse-chase labeling. Under SFM conditions, the
half-life of IRS-1 in MDA-MB-231 cells was ~3h,
while in MDA-MB-231/ER cells ~10h (Figure 1c) ER-
o increased the half-life of IRS-2 by ~6h in our cell
models (data not shown).

Degradation of IRS-1, IRS-2, and ER occurs through the
26S proteasome and calpain pathways

To study the degradation pathways of IRS-1 and IRS-2
in MDA-MB-231/ER cells, we used specific blockers of
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the proteasome and calpain pathways. Treatment of the
cells with either 10um MG 132, a 26S proteasome
inhibitor, or 20nM calpastatin, a calpain inhibitor,
resulted in the accumulation of IRS-1 and IRS-2,
indicating that these two pathways are involved in the
processing of the IRS substrates. In the case of IRS-1,
both MG 132 and calpastatin increased IRS-1 levels by
approximately 2.8- and 3.0-fold, respectively (Figure 2a).
IRS-2 levels were enhanced by ~ 5.0-fold in the presence
of MG 132 and by ~4.0-fold in calpastatin-treated cells.
The addition of 10 nm E2 did not affect the expression of
IRS-1 in a significant way, while it reduced slightly the
amounts of IRS-2 in MG 132 and calpastatin-treated
cells (Figure 2a).

The inhibitors of the 26S proteasome and calpain
were also employed to assess ER-o degradation. In the
presence of MG 132, ER-ua levels were significantly
(~5.0-fold) increased, while calpastatin treatment re-
sulted in 2.5-fold wupregulation of ER-a expression
(Figure 2b). Concurrent with published observations
(Nawaz et al., 1999), stimulation with E2 significantly
reduced (by ~350%) ER-a levels. Interestingly, this
effect of E2 on ER-a was also evident in MG 132 and
calpastatin-treated cells (Figure 2b). The observation
that the inhibition of individual proteolytic processes
was not sufficient to abolish E2 action suggested that
multiple pathways are involved in E2-dependent degra-
dation of ER-x. None of the treatments affected the
expression of f-actin in MDA-MB-231/ER cells
(Figure 2a and b).

Ubiguitination of IRS-1 and IRS-2 is significantly reduced
in the presence of ER-o

Ubiquitination of proteins marks them for the recogni-
tion by the 268 proteasome (Joazeiro and Hunter, 2000).
Treatment with MG 132, which blocks the 26S
proteasome activity, results in the accumulation of
ubiquitinated proteins. We analysed the ubiquitination
of IRS-1, IRS-2, and ER-u in the presence or absence of
MG 132 in MDA-MB-231 and MDA-MB-231/ER cells
(Figure 3a, b, and c¢). In ER-¢-negative MDA-MB-231
cells, IRS-1 and IRS-2 were ubiquitinated in MG 132-
treated cells, and the addition of E2 did not affect this
process. In contrast, in MDA-MB-231/ER cells, the
ubiquitination of the IRS proteins in the presence of
MG 132 was dramatically decreased with or without
E2 (Figure 3a and b). The results suggested that in
the presence of ER-x, the proteasome-dependent
degradation of IRS-1 and IRS-2 might be inhibited
at the step of ubiquitination. This could occur if
the elements of the ubiquitination cascade involved in
IRS-1 and IRS-2 processing were sequestered by re-
expressed ER-o. Subsequent experiments indicated that
ER-a was ubiquitinated in MG 132-treated MDA-MB-
231/ER cells (Figure 3c). In the presence of E2, the
ubiquitination was reduced, most likely reflecting
ligand-induced downregulation of ER-a expression
(Figures 3c and 2b).

The effect of ER-o expression on the ubiquitination of
IRS-1 and IRS-2 was at least partially specific, as it did
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Figure 3 ER-x expression coincides with reduced ubiquitination of IRS-1 and IRS-2 in MDA-MB-231/ER cells. MDA-MB-231 and
MDA-MB-231/ER cells were treated for 1 day with either E2 (10nm), MG 132 (10 um), E2 plus MG 132, or DMSO (7mm) (control
treatment) and then lysed. IRS-1 (a), IRS-2 (b), or ER-« (c) were immunoprecipitated from 1 mg of protein lysates, and their levels and

ubiquitination were evaluated by WB with specific Ab:

s, as described in Materials and methods. The ubiquitination of total cytoplasmic

proteins (d) was studied by WB in 50 ug of protein lysates obtained from MDA-MB-231 and MDA-MB-23 1/ER cells treated with MG

132 (10 um) or DMSO (7mwm). The same lysates (500
analyse their ubiquitination by WB with appropriate

ug) were used to immunoprecipitate f-catenin (beta-cat) (¢) and Hsp 90 (f) and
Abs. The data are representative of at least three experiments.

not reduce total protein ubiquitination, or the ubiqui-
tination of other proteins that are normally degraded
through proteasome-dependent pathways (Figure 3d, e,
and f). For instance, the ubiquitination of p-catenin and
heat shock protein 90 (Hsp 90), both targets of the 26S
proteasome (Aberle er al., 1997; Ashok er al., 2001),
were comparable in MDA-MB-231 and MDA-MB-231/
ER cells ER (Figure 3e and f). Similarly, ER-« did not

affect ubiquitination of Hsp 70 and IRS-4 (data not
shown).
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IRS-1 and IRS-2 colocalize and coprecipitate with ER-a

Since ER-a appeared to affect the processing of IRS-1
and IRS-2, we studied whether all these proteins reside
within the same cellular compartment. Using confocal
microscopy and subcellular fractionation, we found that
in untreated MDA-MB-231/ER cells, ER-« is present in
the cytoplasm as well as in the nucleus, while IRS-1 and
IRS-2 were mostly cytoplasmatic (Figure 4a and b, and
unpublished data). Small amounts of IRS-1 and IRS-2
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were present in the nucleus of MDA-MB-231/ER cells,
while nuclear IRS-1 and IRS-2 were undetectable in
MDA-MB-231 cells (Figure 4b), confirming recent
reports that IRS molecules can translocate to the
nuclear compartment when coexpressed with nuclear
proteins (Lassak ez al., 2002; Prisco et al., 2002). In
MDA-MB-231/ER cells, a significant fraction (~30%)
of IRS-1 colocalized with ER-a in the cytoplasm
(Figure 4a). Similar colocalization was found for IRS-
2 and ER-a (data not shown).

The subsequent experiments demonstrated that in
MDA-MB-231/ER cells, ER-a can be found in IRS-1
and IRS-2 immunoprecipitates, while it cannot be
detected in IRS-1 or IRS-2 precipitates from
ER-a-negative MDA-MB-231 cells (Figure 4c). In a
complementary experiment, we located IRS-1 and IRS-2
in ER-a precipitates in MDA-MB-231/ER cells
(Figure 4d). Consistent with our previous findings
(Figures 2 and 3), the abundance of ER-¢:IRS-1 and
ER-o: IRS-2 complexes was always significantly greater
in MG 132-treated cells, and reflected increased
accumulation of IRS-1, IRS-2, and ER-« in the presence
of the proteasome 26S inhibitor (Figure 4c and d). To
confirm that a fraction of ER-« can associate with IRS-1
and IRS-2, depletion experiments were performed,
where the expression of ER-o was probed in cytosolic
lysates before and after IRS-1 or IRS-2 precipitation.
We found that depletion of IRS-1 and IRS-2 signifi-
cantly (~35 and ~25%, respectively) reduced cyto-
plasmic abundance of ER-o (Figure 4e).

Re-expression of ER-o. coincides with better cell survival
in the presence of IGF-1

Previous results suggested that re-expression of ER-o
decreases IRS-1 and IRS-2 turnover. Here, we addressed
the biologic consequences of this phenomenon. Growth
profiles confirmed our previous observations that
MDA-MB-231 cells die in SFM in the presence or
absence of IGF-I (Bartucci et al, 2001); however,
compared with the parental cells, MDA-MB-231/ER
cells exhibited significantly better survival in the
presence of IGF-I (Figure 5a). This effect coincided
with increased IGF-I-dependent tyrosine phosphoryla-
tion of IRS-1, increased activity of Akt, and enhanced
serine phosphorylation of GSK3 «/f (at 15min and 1
day of treatment). The upregulation of the Akt/GSK-3
pathway in the presence of ER-o was noted in several
experiments and was statistically significant. The in-
creased activation of Akt was paralleled by down-
regulation of ERK1/2 at 1 day (Figure 5b), which was in
agreement with previously published observations ob-
tained with this and other cellular models (Rommel
et al., 1999; Zimmermann and Moelling, 1999; Bartucci
et al., 2001). Interestingly, in MDA-MB-231/ER cells,
IRS-2 tyrosine phosphorylation was not stimulated
upon IGF-I treatment (data not shown), confirming
findings obtained in other breast cancer cell models
(Jackson et al., 1998).
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Figure 4 IRS-1 and IRS-2 colocalize and coprecipitate with ER-x in
MDA-MB-231/ER celis. (a) The localization of IRS-1 and ER-« in
unstimulated MDA-MB-231/ER and MDA-MB-231 cells was studied
by confocal microscopy, as described in Materials and methods. The
captured images of IRS-1 (red fluorescence), ER-« (green fluores-
cence), merged IRS-1 and ER-o (Merge) (yellow fluorescence), and
bright field (BF) are shown. The representative images of several
experiments are shown. (b) The expression of IRS-1, IRS-2, and ER-«
was studied in 50 ug of cytoplasmic (C) and nuclear (N) protein
lysates obtained from MDA-MB-231 (231) and MDA-MB-231/ER
(231/ER) cells. The expression of a nuclear protein, c-Jun, and a
cytoplasmic enzyme, GAP-DH, was assessed (upon stripping and
reprobing of the filters) to control the purity of fractions. The graph
represents relative abundance of each protein (+SE). (¢) MDA-MB-
231 and MDA-MB-231/ER cells were treated for 1 day with 10 um
MG 132 or 7mM DMSO and then lysed. IRS-1 and IRS-2 were
immunoprecipitated from 1 mg of protein lysates and their association
with ER-ot was probed by WB with anti-ER-a mAb. In parallel, the
expression of ER-o in the cell lines was studied by WB in 50 ug of
whole protein lysates. (d) ER-o was immunoprecipitated from 1mg of
protein lysates and its association with IRS-1 and IRS-2 was
evaluated by WB with anti-IRS-1 and -IRS-2 Abs. The expression
of IRS-1 and IRS-2 in the cells was detected by WB in 25 ug of whole
cell lysates. In (¢) and (d) the control samples were precipitated with
carrier beads only (protein A agarose and anti-mouse IgG agarose for
IRS molecules and ER-o, respectively), with the omission of the
primary Abs, and then processed for WB. (e) The expression of ER-«
was studied in 50 pg of cytoplasmic lysates before and after IP of IRS-
1, IRS-2, or ER-o. The expression of the cytoplasmic protein GAP-
DH is shown as a control of loading. The graph represents the
expression of each protein relative to the expression of GAP-DH
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Discussion

IRS-1 and IRS-2 are expressed in the majority of breast
cancer cell lines and have been identified in most breast
tumor samples (Jackson et al., 1998; Lee et al., 1999;
Molloy et al., 2000; Surmacz, 2000; Jackson et al., 2001;
Sachdev and Yee, 2001). In ER-a-positive breast cancer
cells, IRS-1, through the activation of downstream
kinases PI-3 and ERK1/2, mediates mitogenic signaling
of IGF-I (Surmacz, 2000; Sachdev and Yee, 2001),
whereas the function of IRS-2 is unclear. Recent data
suggested that IRS-2 might be necessary to transmit
nonmitogenic signals of IGF-I, such as stimulation of
cell migration (Jackson et al., 2001).

The expression and activation of ER-o has been
shown to enhance insulin and IGF-I mitogenicity (Lee
et al., 1999; Surmacz, 2000; Mauro et al., 2001; Sachdev
and Yee, 2001). It is now well established that one
important mechanism by which ER-a amplifies the
effects of IGF-I and insulin is upregulation of the
expression and function of IRS-1 (Lee er al., 1999;
Molloy et al., 2000; Surmacz, 2000; Mauro ef al., 2001;
Sachdev and Yee, 2001). For instance, in MCF-7 breast
cancer cells, the activation of ER-o by E2 stimulated the
expression of IRS-1 and potentiated IRS-1 signaling
through the PI-3K/Akt pathway. These effects were
blocked in the presence of antiestrogens (Lee ef al.,
1999; Salerno er al., 1999; Molloy et al., 2000; Mauro
et al., 2001). The upregulation of IRS-1 by E2 has been
documented on the transcriptional level (Lee et al., 1999;
Molloy et al., 2000; Mauro et al., 2001). E2 did not
influence the expression of IRS-3 and IRS-4 mRNAs
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and proteins, and the stimulation of IRS-2 expression,
although noted, has been found statistically insignificant
(Molloy et al., 2000).

The regulation of IRS-1 and IRS-2 by ER-a on the
post-transcriptional level has never been studied and has
been addressed in this work. To distinguish between
transcriptional and post-transcriptional effects, we re-
expressed ER-o in ER-a-negative MDA-MB-231 cells to
develop MDA-MB-231/ER cells. In this cellular model,
the presence of ER-a (unliganded) did not affect the
expression of IRS-1 and IRS-2 mRNAs.

The experiments with MDA-MB-231/ER cells yielded
novel information on the interaction between ER-o and
IRS substrates. Especially, we found that (1) ER-a re-
expression coincided with higher basal levels of IRS-1
and IRS-2; (2) under SFM conditions, the amounts of
IRS-1 and IRS-2 declined only in the absence of ER-o;
(3) re-expression of ER-u increased IRS-1 and IRS-2
half-life but did not affect IRS-1 and IRS-2 mRNA
levels; (4) in MDA-MB-231/ER cells, degradation of
IRS-1, IRS-2, and ER-o proceeded through common
proteolytic pathways and a fraction of IRS-1 and IRS-2
was found to associate with ER-o; (5) ER-a re-
expression was paralleled by reduced ubiquitination of
IRS-1 and IRS-2; (6) higher levels of IRS-1 in MDA-
MB-231/ER cells improved long-term activation of the
IRS-1/Akt pathway and cell survival in IGF-I.

In MDA-MB-231/ER cells, the addition of E2
significantly reduced ER-o levels indicating that re-
expressed ER-o could be liganded and then targeted for
degradation, as normally observed in ER-a expressing
cells (Nawaz et al., 1999; Lonard et al., 2000). The
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degradation of the liganded ER-a has been described to
occur through the 26S proteasome, whereas under basal
conditions in vitro, the degradation of ER-¢ may involve
calpain pathways (Murayama et al., 1984; Shiba et al.,
1996; Nawaz et al., 1999; Lonard et al., 2000). Our
observations that E2 stimulated degradation of ER-«
were consistent with other reports. However, we noticed
that the degradation of ER-« both ligand-dependent and
-independent was reduced in the presence of 26S
proteasome and calpain inhibitors, implicating both
pathways hi these processes. The differences could
reflect the experimental models, as proteasomal degra-
dation of ER-a has been documented in transfected
HeLa cells, and calpain proteolysis has been described in
the case ER-a purified from porcine uterus (Murayama
et al., 1984; Nawaz et al., 1999; Lonard et al., 2000).
Since re-expression of ER-a coincided with greater
abundance and stability of IRS-1 and IRS-2 proteins, but
not with increased transcription of the corresponding

mRNAs, we investigated whether ER-o inhibits IRS-1
and IRS-2 degradation. In our experimental model, IRS-
1 and TRS-2 were processed through the 26S proteasome
and calpain pathways, which corroborated results
obtained with other models (Smith et al., 1996; Sun
et al., 1999; Lee et al., 2000; Zhang et al., 2000; Pederson
et al., 2001). Since ER-« is processed through the same
mechanisms, we hypothesized that re-expressed ER-a
could downregulate the degradation of IRS-1 and IRS-2
by sequestration of enzymes or other proteins involved in
common proteolytic processes. Our finding that the
presence of ER-o inhibits the ubiquitination of IRS-1
and IRS-2 seems to support this possibility. Interestingly,
the effects of ER-o were at least partially specific, as re-
expression of ER-a did not affect total protein ubiquiti-
nation, or the ubiquitination of several other proteins
normally degraded through an MG 132-sensitive path-
way, for example, -catenin (Aberle et al., 1997), Hsp 90,
and Hsp 70 (Ashok et al., 2001).
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The stabilization of IRS molecules in the presence of
ER-a appears to be biologically significant, especially for
the IGF-I phenotype. Our data suggest that MDA-MB-
231/ER cells, when compared with MDA-MB-231 cells,
are characterized by improved cell survival in IGF-I,
enhanced tyrosine phosphorylation of IRS-1, and im-
proved activation of the downstream Akt/GSK-3 path-
way. We speculate that the restoration of this pathway
was incomplete because some IGF-I effects that are
characteristic for normal ER-a-positive cells (e.g., vigor-
ous growth in IGF-I or IGF-IR/PI-3K-dependent
degradation of IRS-1) were not observed. The lack of
IRS-2 activation by IGF-I confirmed findings in other
breast cancer cells (Jackson et al., 1998).

Since the IRS-1, IRS-2, and ER-o are degraded by
common mechanisms, we analysed, using several
different techniques, whether these proteins can be
found in one cellular compartment. By confocal
microscopy and subcellular protein fractionation, we
determined that in unstimulated MDA-MB-231 JER
cells, IRS-1, IRS-2, as well as a fraction of ER-« are
found in the cytoplasm. The cytoplasmic presence of
these molecules has been additionally confirmed by
immunocytochemistry (data not shown). Our confocal
microscopy and immunoprecipitation experiments sug-
gested a physical interaction between ER-o and the IRS
proteins. The association of ER-a with cytoplasmic
signaling molecules is not unusual; for instance, ER-«
has been shown to interact with the IGF-IR (Kahlert
et al., 2000), PI-3K (Simoncini et al., 2000; Sun e7 al.,
2001), and SHC (Song et al., 2002), in all cases,
enhancing the signaling potential of these molecules in
cell stimulated with growth factors (Simoncini ez al.,
2000; Sun et al., 2001). Our experiments as well as data
from other laboratories (Simoncini ez al., 2000; Sun
et al., 2001) suggest that only a fraction of ER-u
interacts with cytoplasmic signaling proteins. The
immunoprecipitation and microscopic techniques sug-
gested that approximately 20-30% of ER-o can
associate with IRS molecules. Our recent experiments
indicate that the ER-a:IRS-1 and ER-u:IRS-2 com-
plexes are not unique to MDA-MB-231/ER cells as they
also exist in MCF-7 cells and other ER-a-positive breast
cancer cell lines and are regulated by E2 (Morelli ez al.,
unpublished data).

In summary, the expression of ER-o could decrease
proteolytic turnover of IRS molecules. We hypothesize
that ER-«:IRS-1/2 complex formation represents one
of the stages of the common degradation processes. The
post-transcriptional interactions between ER-x and
IRS-1 exemplify a new aspect of ER/IGF-IR crosstalk
and a possible target in breast cancer therapy.

Materials and methods

Plasmids

The pcDNA3-ER expression plasmid (obtained from Dr
Diego Sisci, University of Calabria, Italy) encodes the wild-
type ER-o under the CMV promoter and contains a neomycin
resistance gene.
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Cell lines

MDA-MB-231 cells were obtained from ATCC. MDA-MB-
231/ER clones were developed by stable transfection of MDA-
MB-231 cells with the plasmid pcDNA3-ER using Fugene 6
transfection reagent (Roche) (DNA:Fugene 6 ratio was
1 pg:3 pl). Transfectants resistant to 2mg/ml G418 (Gibco)
were screened for ER-o expression by Western blotting (WB)
using an anti-ER-o mouse monoclonal antibody (mAb) F-10
0.2 pg/ml (Santa Cruz). To avoid clonal variation, we used a
mixed population of five ER-a-expressing clones (referred to as
MDA-MB-231/ER cells).

Cell culture

MDA-MB-231 cells were grown in DMEM : F12 containing
5% calf serum (CS). MDA-MB-231/ER cells were cultured in
DMEM:F12 plus 5% CS plus 500 ug/ml G418. In the
experiments requiring E2- and serum-free conditions, the cells
were cultured in phenol red-free serum-free medium (SFM)
(Guvakova and Surmacz, 1997; Salerno et al., 1999).

Growth curves

The cells were plated in six-well plates at a concentration of
1.5-2.0 x 10°cells/plate in normal growth medium. The
following day (day 0), the cells at approximately 50%
confluence were shifted to SFM containing 50 ng/ml IGF-1.
Cell number was determined at days 0, 1, 2, and 3. A fresh dose
of IGF-I was added each day.

RT-PCR

Total cellular RNA was extracted from cells cultured for 0,1,
and 3 days using RNeasy Mini Kit (Qiagen). RNA (1 ug) was
reverse transcribed (RT) and then amplified by PCR to obtain
products corresponding to cDNA fragments of IRS-1, IRS-2,
or f-actin. RT-PCR was performed using the Superscript First
Strand synthesis system (Gibco) and PCR Core kit (Roche).
The following primers were used: IRS-1 upstream primer
5-TCCACTGTGACACCAGAATAAT-3' (nt 49795000, hu-
man IRS-1 ¢cDNA; Araki et al., 1993), IRS-1 downstream
primer 5-CGCCAACATTGTTCATTCCAA-3 (nt 5721-5741),
IRS-2 upstream primer 5-GCTGCTGCTACAGCTCCT-3’
(nt 2399-2414, human IRS-2 ¢cDNA; Vassen et al., 1999),
IRS-2 downstream primer 5-GGCTCGCCAAAGTCGA-
TGT-3' (nt 2762-2780), f-actin upstream primer &'-
TGGGAATGGGTCAGAAGGACT-3' (nt 224-244, human
actin cDNA; Powzaniuk er al., 2001), f-actin downstream
primer S-TTTCACGGTTGGCCTTAGGGTT-3' (nt 411
433). PCR was performed in a GeneAmp PCR System 9600
thermocycler (Perkin-Elmer) using the following conditions:
for IRS-1, 1min at 94°C, 1min at 50°C, 2min at 72°C; for
IRS-2, 30s at 94°C, 30s at 48°C, 40s at 72°C; for B-actin,
1'min at 94°C, 1 min at 50°C, 2 min at 72°C. The amplification
products obtained in 15, 25, and 35 cycles were analysed in a
1% agarose gel.

Treatment with inhibitors of protein degradation

Confluent cultures (70%) were shifted to SFM and treated for
24'h with MG132 and calpastatin in the presence or absence of
E2. MG132 (carbobenzoxy-l-leucyl-L-leucyl-L-leucinal) (Cal-
biochem) is an inhibitor of the 26S proteasome and was used at
the concentration of 10 uM. Calpastatin (a 27 residue peptide
encoded by exon 1B of human calpastatin) (Calbiochem) is an
inhibitor of calpains I and II, and was used at the
concentration 20 nM. E2 (Sigma) was used at the concentration
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10nM. Control cultures were treated with 7mm DMSO (ICN
Biomedicals).

Immunoprecipitation and WB

Cell cultures (70%) were shifted to SFM for 0-72h and then
lysed. Cytoplasmic protein lysates were obtained with a buffer
containing 50 mm HEPES, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1.5mm MgCl,, EGTA 10mwm pH 7.5, glycerol 10%,
inhibitors (2um Na;VO,, 1% PMSF, 20 ug/ml aprotinin).
Following the collection of cytoplasmic proteins, the nuclei
were lysed with the buffer containing 20 mm KOH-HEPES pH
8, 0.1mM EDTA, 5mMm MgCl,, 0.5m NaCl, 20% glycerol, 1%
NP-40, and inhibitors (as above). The expression of target
proteins was analysed by WB using 25-50 ug of cell lysate and/
or by IP in 500 ug—1 mg of lysate. The following antibodies
(Abs) were used: anti-IRS-1 polyclonal Ab (pAb) (UBI) for
WB and IP; anti-IRS-2 pAb (UBI) for WB and IP; anti-ER-a
mAb (Santa Cruz) for WB and IP; anti-f-catenin mAb
(Transduction Laboratories) for WB and IP; anti-B-actin
mAb (Sigma) for WB, anti-ubiquitin mAb (Santa Cruz) for
WB; anti-Hsp 90 mAb (Santa Cruz) for WB and IP; anti-active
Akt (Ser473) pAb (Cell Signaling) for WB; anti-total Akt pAb
(Cell Signaling) for WB; anti-phospho-p44/42 MAP kinase
(T202/Y204) mAb (Cell Signaling) for WB; anti-active GSK3
o/B (Ser21/9) pAb (Cell Signaling) for WB, anti-GAP-DH
mAb (Research Diagnostics Inc.) for WB, anti-c-Jun pAb
(Santa Cruz) for WB. In all IPs, protein lysates were incubated
in HNTG buffer (20 mm HEPES, pH 7.5, 150mMm NaCl, 0.1%
Triton X-100, 10% glycerol, and 0.2mm Na3;VO,) at 4°C for
4h with the primary antibodies, and then agarose beads
conjugated with Protein A (Calbiochem) (for IP of pAbs) or
anti-mouse IgG (Sigma) (for IP of mouse mAbs) were added
for another 1h. In control samples, the primary Abs were
omitted. The immunoprecipitated proteins were washed three
times with the HNTG buffer, separated by SDS-PAGE
(polyacrilamide gel elecrophoresis), and analysed by WB and
ECL chemiluminescence (Amersham). The intensity of bands
representing relevant proteins was measured by the Scion
Image laser densitometry scanning program.

References

Aberle H, Bauer A, Stappert J, Kispert A and Kemler R.
(1997). EMBO J., 16, 3797-3804.

Aguirre V and White M. (2000). Curr. Opin. Endocrin. Diab.,
7, 1-1.

Araki E, Sun XJ, Haag IIT BL, Chuang LM, Zhang Y, Yang-
Feng TL, White MF and Kahn CR. (1993). Diabetes, 42,
1041-1054.

Ashok BT, Kim E, Mittelman A and Tiwari RK. (2001). Int. J.
Mol Med., 8, 385-390.

Bartucci M, Morelli C, Mauro L, Ando’ S and Surmacz E.
(2001). Cancer Res., 61, 6747-6754.

Bergmann U, Funatomi H, Kornmann M, Beger HG and
Korc M. (1996). Biochem. Biophys. Res. Commun., 220,
886-890.

Burks DJ and White MF. (2001). Diabetes, 50, S140-S145.

Ducluzeau PH, Perretti N, Laville M, Andreelli F, Vega N,
Riou JP and Vidal H. (2001). Diabetes, 50, 1134-1142.

Dupont J, Derouet M, Simon J and Taouis M. (1999). J.
Endocrinol., 162, 67-76.

Fasshauer M, Klein J, Kriauciunas KM, Ueki K, Benito M
and Kahn CR. (2001). Mol. Cell. Biol., 21, 319-329.

ER-a regulates degradation of IRS-1 and IRS-2
C Morelli et af

Pulse-chase labeling

To determine the half-life of IRS molecules, we followed the
methodology described by Lee et al. (2000) and Zhang et al.
(2000) with some modifications. Briefly, 70% cultures were
shifted to methionine- and cysteine-free DMEM (Gibco) for
16h and then metabolically labeled with *S (100 xCi/1 mi,
Express protein labeling mix, Perkin-Elmer) for 1 h. After that,
the labeling medium was replaced with SFM. The cells were
lysed at 2, 4, 8, and 12h to obtain cytoplasmic proteins. The
protein lysates were precipitated with anti-IRS-1 and IRS-2
Abs for 4h and IPs were separated by SDS-PAGE as
described above. Labeled IRS molecules were identified by
autoradiography.

Confocal microscopy

Confluent cultures (50%) were fixed in 3% paraformaldehyde,
permeabilized with 0.2% Triton X-100, washed 3 x with PBS,
and incubated for 1 h with primary antibodies (anti-IRS-1 CT
(UBI) 2 ug/ml and anti-ER-« F-10 (Santa Cruz) 2 ug/ml), then
washed with PBS 3 x, and incubated with secondary Abs. A
fluoresceine-conjugated donkey anti-mouse IgG (Calbiochem)
was used as a secondary Ab for ER-a and a rhodamine-
conjugated donkey anti-rabbit IgG (Calbiochem) was used for
IRS-1. The cellular localization of IRS-1 and ER-« was studied
with Bio-Rad MRC 1024 confocal microscope connected to a
Zeiss Axiovert 135M inverted microscope. The optical
sections were taken at the central plane. The fluorophores
were imaged separately to ensure no excitation/emission
wavelength overlap.
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Neoplastic transformation is often related to abnormal
activation of growth factor receptors and their signaling
pathways. The concept of targeting specific tnmorigenic
receptors and/or signaling molecules has been validated by
the development and successful clinical application of
drugs acting against the epidermal growth factor receptor
2 (HER2/neu, Erb2), the epidermal growth factor
receptor 1 (EGFR, HERI1), the Brc-Abl kinase, the
platelet—derived growth factor receptor, and c-kit. This
review will focus on the next promising therapeutic target,
the insulin-like growth factor I receptor (IGF-IR). IGF-
IR has been implicated in a number of neoplastic diseases,
inclading several common carcinomas. From a pharma-
centical standpoint, of particular importance is that IGF-
IR appears to be required for many transforming agents
(genetic, viral, chemical) to act, bat is not obligatory for
the fonction of normal adult cells. The tumorigenic
potential of IGF-IR is mediated throngh its antiapoptotic
and transforming signaling, and in some cases throu;
induction of prometastatic pathways. Preclinical stmlles
demonstrated that downregulation of IGF-IR reversed
neoplastic phenotype and sensitized cells

treatments. Tlle strategls to block IGF

_,,’ptor drugs should
‘anti-IGF-IR therapeutics.
Oncogene (2003) 0, 000-000. doi:10. 1038/sj.onc.1206772

Keywords: insulin-like growth factor receptor; antic-
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Anti

owth factor receptor therapeutics

Several growth factor receptors with intrinsic tyrosine
kinase activity have been implicated in the development
and progression of neoplastic diseases. Growth factor
receptor-driven tumorigenicity may be related to in-
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creased proliferation, suppression of apdptosis, espe-
ondit ns, and

cially under anchorage-mdependent
activation of processes favoring
Consequently, growth factor recep
tional target for therapeutrc in rv"

producmg undesirable
strategies have be n
effects of
blockmg

1 to inhibit tumongemc
WO approaches that is,

ndélsohn and Base]ga 2000; Druker, 2002; Levitzki,
2; Shawver et al., 2002; Arteaga, 2003; Fry, 2003).
e of the target therapeutlcs are listed below as a
teference for further discussion on the strategies to
inactivate the insulin-like growth factor I receptor (IGF-
IR).

%he first antireceptor drug has been developed against
the epidermal growth factor receptor 2 (HER2/neu,
Erb2). HER2 is a type 1 transmembrane tyrosine kinase
amplified in many cancers, including breast cancer,
ovarian cancer, and stomach cancer (Mendelsohn and
Baselga, 2000; Holbro et al., 2003). HER2 overexpres-
sion typically is associated with more aggressive
behavior and poor clinical outcome. In invasive breast
cancer, high amplification of HER2 is seen in 25-30% of
cases. More than a decade of research and clinical trials
led to the launch of the anti-HER2 drug, Herceptin
(Trastuzumab; Genentech), in 1998. Herceptin is a
humanized monoclonal antibody (MADb) against
HER2 and is indicated for the treatment of patients
with metastatic breast cancer, whose tumors overexpress
HER?2. Herceptin is used both as first-line treatment in
combination with paclitaxel, and as a second- and third-
line therapy (Harries and Smith, 2002; Shawver et al.,
2002). The extension of these applications to early breast
cancer and other neoplastic diseases is being evaluated

(www.clinicaltrials.gov).

The EGFX&I—IISERI and its hgands are often over-
expressed in mafly types of human tumors (Mendelsohn
and Baselga, 2000; Arteaga, 2003). The. therapeutic
inhibition of EGFR has been achieved with two classes
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of compounds: humanized Abs binding and down-
regulating the receptor and small inhibitors inactivating
the EGFR tyrosine kinase by blocking ATP binding site
(Fry, 2003). Presently, three humanized EGFR Abs are
evaluated in clinical trials (Shawver et al, 2002;
Arteaga, 2003). Of these, the best developed is
Cetuximab (erbitux, C225; Imclone), which is now
under clinical assessment for the therapy of advanced
colorectal cancer, squamous cell carcinoma, and pan-
creatic cancer (www.clinicaltrials.gov). Also, several
small-molecule inhibitors of EGFR have entered the ~
late stages of clinical development (Shawver et al., 2002;
Fry, 2003). One of them, Iressa (gefitinib, ZD1839;
AstraZeneca), is a quinazoline competing with ATP for
the binding site in the EGFR tyrosine kinase domain.
Iressa has been already approved in Japan for the
treatment of non-small-cell lung cancer (NSCLC) and
its efficacy as a single agent or in combination with other
therapies to treat NSCLC and other cancers is under
evaluation in the US clinical trials (www.clinicaltrials.-
gov).

Another successful antityrosine kinase drug is Gleevec
(imatinib mesylate, STIS71; Novartis). Gleevec is a
small-molecule inhibitor blocking the Ber-Abl cytoplas-
mic tyrosine kinase that is constitutively active in
patients with chronic myelogenous leukemia (CML),
and in 15-30% adults with acute lymphoblastic
leukemia. Gleevec is also active against the tyrosine
kinases of the platelet-derived growth receptor and c-kit,
which are often hyperactivated in brain tumors and
gastrointestinal stromal tumors (GIST), respectively
(Shawver et al., 2002). Currently, Gleevec is indicated
for the treatment of CML and advanced GIST carrym

Dru»\LW
200%

other malignancies is under mvestlgatlon
Boluda and Cervantes, 2002; Druker, 2004
caltrials.gov). Other reccntly developed>‘ gr
factor receptor compounds include inhibitors of the
tyrosine kinase of the vascular endoth ial‘growth factor
receptor 2 (VEGFR2). These mp unds appear to
reduce tumor neovascula.nzat:lon “halting its enlarge-
ment and expansion (Shawve et al., 2002).

The clinical success with: Herceptin, Iressa, and
Gleevec validates the concept of al:%mwth factor
therapy and justifies the pursult of stfategies against
similar targets. This review will focus on the next
promising pharmaceutical target, IGF-IR.

IGF-IR and its signaling

IGF-IR is an evolutionary conserved, ubiquitous
transmembrane tyrosine kinase structurally similar to
the insulin receptor (IR) (Ullrich ez al., 1986). IGF-IR is
composed of two extracellular alpha subynits and two
intracellular beta subunits (Figure §)). The alpha
subunits bind ligands (AIGF-I, IGF-II, and insulin at
supraphysiological doses), while beta subunits transmit
ligand-induced signal. The beta subunits contain three
major domains: the juxtamembrane domain, tyrosine

F‘,f.\ {o
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Ligand binding domain

Juxtamembrane
domain

Tyr 950

ATP binding site
’I‘yrosme

v,mdmg of ligands to IGF-IR induces its autopho-
{ phorylatxon and tyrosine phosphorylation of IGF-IR
ubstrates, especially the IR substrate 1 (IRS-1) and src-
-and collagen-homology (SHC) protein. Tyrosine-phos-
phorylated IRS-1 and SHC bind different effector
proteins (enzymes and/or adapters) inducing multiple
signaling cascades, among them several interconnecting
pathways controlling cell survival and proliferation
(Shepherd et al., 1998; White, 1998, 2002; Adams et al.,
2000; O’Connor et al., 2000; Surmacz, 2000). The
critical survival pathway activated by IGF-I stems from
IRS-1. IRS-1 recruits and stimulates the PI-3 kinase (PI-
3K), which then transmits signal to the serine/threonine
kinase Akt (Akt). Activated Akt phosphorylates and
blocks a variety of proapoptotic proteins, including
BAD, caspase-9, forkhead transcription factors, and the
GSK-3 beta kinase. Furthermore, Akt induces the
expression of antiapoptotic proteins, for example, Bcl-
2 (Brazil et al., 2002; Hill and Hemmings, 2002;
Nicholson and Anderson, 2002). Other mitogenic/
survival JGF-IR pathways involve signal transducers
and activators of transcription (STATs) that are
phosphorylated and activated by IGF-I through
JAK1/2 and PI-3K/Akt pathways (Zong et al., 1998,
2000). In addition, IGF-IR can prevent cell death or
induce proliferation via the SHC/Ras/ERK1/2 pathway
(Peruzzi et al., 1999).

‘While antiapoptotic and growth pathways of IGF-IR
have been extensively studied, the signals controlling
nonmitogenic functions of IGF-IR, such as cell-
substrate adhesion, migration, invasion, or intracellular
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interactions are less well understood. There is increasing
evidence that IGF-IR pathways interconnect with
integrin and cadherin signaling systems (Vuori and
Ruoslahti, 1994; Guvakova and Surmacz, 1999; Mauro
et al., 1999, 2003; Reiss ez al., 2001a; Shaw, 2001). In
some experimental models, IGF-IR has been shown to
mediate metastasis, possibly through enhanced migra-
tion (Doerr and Jones, 1996; Bartucci et al., 2001),
reduced cell-cell adhesion (Mauro er al., 2003), and
upregulation of plasminogen activator uPA and matrix

metalloproteinases (Long et al., 1998;
Zhang and Brodt, 2003).

A Mira ot aJL,, 1449

IGF-IR structure—function studies

The extensive mutational analysis of IGF-IR identified
receptor domains required for the initiation of specific
pathways and linked these pathways with specific
functions, that is, proliferation (measured as cell growth
in monolayer), survival (usually measured as the ability
of cells to survive under anchorage-independent condi-
tions), and transformation (assessed as the ability to
grow in soft agar or to form foci). The experiments using
different cell models unequivocally demonstrated that
the mutation in the ATP binding site of the IGF-IR
tyrosine kinase domain produced ‘dead’ receptors
incapable of signal transmission (Figure 1). Mutations
at other residues of the tyrosine kinase impaired IGF-IR
only partially. For instance, the substitutions of
tyrosines (Tyr) 1131, 1135, and 1136 into phenylalanines
abrogated transforming signaling and mitogenesis, but'
not survival signaling. Mutations in either Tyr 1131 or
Tyr 1135 downregulated transformation without T
cing cell growth. Tyr 950 in the IGF-IR ]uxta.membran

domain was found necessary for IRS and SHC binding; "

and for induction of mitogenic and transformmg
activity, but the IGF-IR/Tyr 950 mutant still trans-
mitted antiapoptotic signaling, conﬁrmmg‘“ that in
addition to the classic IRS-1 -dependent PI-3K/Akt
pathway, other survival .pathwa¥(s) emanate from
IGF-IR (Hongo et al., 1996 O’Connor et al., 1997;
O’Connor, 1998; Romano etal 1999)

Deletion of the entire Cterminus at aa 1229 totally
abrogated transforming function, without thbltmg
mitogenic and antiapoptotic ability (Surmacz et al.,
1995). The ‘transforming domain’ was mapped between
residues 1245 and 1310, with Tyr 1251, Ser 1280-1283,
His 1293, and Lys 1294 required for transformation
(Hongo et al., 1996) (Figure 1). It is worth nothing that
C-terminal deletions (at residue 1229 or 1245) appeared
to amplify antiapoptotic effects, suggesting that the C-
terminus acts as an intrinsic inhibitor of IGF-IR
survival signaling. The mutations in the C-terminus at
Tyr 1250/1251, His 1293, and Lys 1294 reduced survival,
implying that these residues act as neutralizers of the C-
terminus proapoptotic function (Hongo et al., 1996;
O’Connor, 1998).

The important practical implication of the above
studies is that transformation by IGF-IR does not occur
without activated IGF-I survival pathways. Thus,

unn ef al., 2001;
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targeting the survival function of IGF-IR should be
the optimal approach to inhibit tumorigenicity. As
evidenced by the mutational analysis, the best way to
achieve this affect is to inactivate totally the IGF-IR
tyrosine kinase.

IGF-IR and tumorigenesis

— -Initially, -the-importance-of -IGE-IR-in-tumorigenesis
was suggested by the observation that constitutive
overexpression of IGF-IR and/or hyperactivation of
its signaling induced the transformed phenotype in
cultured cells (Kaleko er al., 1990; Pietizkowski et al.,
1992a). Later expenments w1th oel]s denved from IGF-
IR knockout mice provided evidence that’ different
tumorigenic agents (viral, chemical,"genetic) were not
able to induce transformation in the absence of IGF-IR,
but were transforming when IGF-IR (but not IR) was
re-expressed (Baserga, 1994;:1995;:1998). This control-
ling function of IGF-]R most likely depends on its
ability to counteract strong’ ‘susceptibility to apoptosis
observed in- tra.nsformed cells (Baserga, 1996, 1997,
1998). Addit onal 1mportant observation stemming from

on' IGF-IR knockout cells and normal

sts was that normal, untransformed cells
are’more resnstafnt to apoptosis and can survive, or even
prohferate (albelt at slower rate), in the absence of
functlonal IGF-IR (Baserga, 1998). Thus, transformed

ut not’ normal cells should be especially sensitive to
anti-IGFIR drugs.

In vitro experiments with tumor cell lines and

idemiological studies provided evidence that activa-

tion of IGF-IR is implicated in the development of
many common peoplastic diseases, including carcino-
mas of lung, breast, prostate, pancreas, liver, and colon

(Korc, 1998; Pollak, 2000; Surmacz, 2000; Djavan et al.,

2001; Giovannucci, 2001; Sachdev and Yee, 2001;

Scharf et al., 2001; Druckmann and Rohr, 2002). In

some diseases, for instance in primary breast cancer,

IGF-IR is overexpressed and hyperphosphorylated

compared with its status in normal mammary epithelial

cells (Surmacz, 2000). Hyperactivation of IGF-IR may
result from autocrine or paracrine stimulation, as many
tumors produce IG ligands (Sachdev and Yee,

2001). In addition, high abundance of endocrine IGFs

may enhance IGF-IR signal. In this context, it is worth

noting that elevated plasma concentrations of IGF-I
have been linked with increased risk of several types of
cancer (Pollak, 2000). Similarly, data from experimental
systems demonstrated that elevated IGF-I levels corre-
late with increased tumorigenicity in experimental
models (Dunn et al., 1997; Butler et al., 1998).

o]
ToF-IR

Targeting IGF-IR and its signaling

IGF-IR fulfills several criteria of an attractive pharma-
ceutical target: (1) IGF-IR is implicated in neoplastic
transformation; (2) abundance of IGF-IR and its

Oncogene
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952/STOP

Mini-receptor comaunng
C-terminus

Small inhibitors
of tyrosine kinase

Inhibition of ligand expression

F-IR protem expression can be achieved by blocking IGF-IR.

transcription (w1th triple hehx) or translatlon (wn.h antisense ohgodeoxynucleondes antisense RNA constructs, and siRNA). (b) IGF-IR

function can be blocked with inactivating Abs. Binding of Abs to IGF- IRprevents lxgand bmdmg and induces receptor degradation. (¢) IGF-IR

tyrosine kinase activity can be abolished with small-molecule inhibifors. (d)' IGF-I mimetic peptides can compete with natural ligands. Their

binding to IGF-IR inactivates the receptor. (¢) IGF-IR mutants laclqng ‘beta-subunits can act as dominant-negative receptors. (f) Expression of

myristylated IGF-IR Otermmus a domam thh mtnnsm proapoptouc activity, can downregulate survival signals. (g) Ligand availability can
d

ligands can be easily measured in clinical samples ‘and
(3) in vitro studies identified critical paxameters for IGF-
IR induction. The greatest challeng targeting IGF-
IR is designing strategies that would specifically inhibit
IGF-IR without blockmg 1R and producing diabeto-
genic effects. The stage Tor anti-IGF-IR drugs has been
set by a variety of laboratory studies, demonstrating
that inhibition of either IGF-IR/ligand bmdmg, IGF-IR
expression, or IGF-I signaling can exert antitumor
effects. Several of these approaches are discussed below.

Antibodies

The initial approach to inhibit IGF-IR signaling was
based on the use of IGF-IR blocking antibodies
(Figure 2b). The mouse MADb alpha-IR-3 raised against
the alpha domain of IGF-IR (Jacobs et al., 1986)
inhibited IGF-IR activation and IGF-IR-dependent
mitogenicity in several cell types in vitro, including
breast carcinoma (Arteaga et al., 1989; Arteaga, 1992),

rhabdomyosarcoma (Kalebic et al., 1994), NSCLC (Zia

et al., 1996), and Ewing’s sarcoma (Scotlandi et al.,

1998). However, in some cases alpha-IR-3 was ineffec-

Oncogene

ression on the transcriptional or post-transcriptional level

tive in blocking IGF-I-sensitive tumors in animal
models (Arteaga, 1992). Furthermore, it has been
reported that alpha-IR-3 may exhibit agonistic abilities
towards IGF-IR (De Leon et al., 1992; Kato et al.,
1993).

The mouse anti-IGF-IR MAb 391 inhibited IGF-IR’
autophosphorylation and signaling to Akt in several
human cancer cell lines. Chronic treatment with MAb
391 resulted in downregulation of receptors through
lysosome-dependent pathways (Hailey et al, 2002).
Several other mouse anti-IGF-IR MAbs were described
(Li et al., 1993, 2000). One of them, MAb 1H7, which
blocks IGF-IR/IGF-I binding and IGF-IR-dependent
DNA synthesis was used to engineer a single-chain
humanized anti-IGF-IR scFv-Fc Ab and contains the
Fc domain of human IgG1 fused to the Fv region of
1H7 (Li et al., 2000). Treatment of MCF-7 breast cancer
cells with scFv-Fc for 2-24 h downregulated the levels of
IGF-IR through the Ilysosomal/endocytic pathway,
rendering the cells refractory to IGF-I stimulation
(Sachdev et al., 2003). Importantly, downregulation of
IGF-IR by scFv-Fc occurred also in MCF-7 xenografts
and was paralleled by reduced tumor growth (Sachdev
et al., 2003). These or similar humanized MAbs will

SepMaJ'e
h‘é
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likely become a model for future drug development once
their specificity towards IGF-IR and lack of IR cross-
reactivity is demonstrated in vivo.

Low molecular weight molecules targeting IGF-IR
tyrosine kinase

High-throughput technology combined with computer
modeling is currently used_to_identify_low molecular
weight compounds blocking the IGF-IR tyrosine kinase
(Figure 2c). The first described IGF-IR inhibitors,
tyrphostins AG 538 and I-OMeAG, were modeled on
the IR tyrosine kinase. The compounds inactivated the
IGF-IR tyrosine kinase by blocking the substrate
binding site; however, crossreactivity with the IR

tyrosine kinase was reported (Blum et al., 2000).
Recent advances in the characterization of the three-
dimensional structures of IGF-IR and IR greatly
facilitated the design of specific IGF-IR inhibitors (De
Meyts and Whittaker, 2002). Most importantly, crystal-
lographic studies revealed conformational differences in
the phosphorylated forms of IGF-IR and IR kinases,
the feature allowing the development of selective
therapeutics (Favelyukis et al,, 2001; Pautsch et al.,
2001). Several new compounds with enhanced specificity
towards IGF-IR and low crossreactivity with IR entered
into preclinical studies. The examples include derivatives
of pyrimidine and podophyllotoxin, disclosed in patent
applications WO 02/092599 and WO 02/102804, respec-
tively. Specific small inhibitors of IGF-IR are likely
candidates to become anti-IGF-IR drugs. The posmve
experience with similar therapeutics (Iressa, Gle
especially the possibility of oral delivery an
toxicity, makes this approach especially attractive:
A ™

IGF-I mimetic peptides

A series of small IGF-T peptide. analogu was designed
by molecular modeling of the' GF-I protein (Pietrz-
kowski et al 1992b, 1993) ompete with IGF-IR
i ynthetlc peptides were
modeled on C and D domains of IGF-I, as these
domains contain the least similarity between IGF-I and
insulin. One of the peptides, JB1 (modeled on the D
domain) effectively inhibited IGF-I-dependent IGF-IR
autophosphorylation and proliferation in several tumor
cell lines. The analogues used at nano- or micromolar
concentrations exhibited good specificity for IGF-IR,
and low toxicity for cells in cell culture (Pietrzkowski
et al., 1992b, 1993). However, the efficacy of these
compounds against experimental tumors in vive has
never been assessed.

Modulators of IGF-IR internalization and recycling

Following ligand binding, the IGF-IR /ligand complex is
internalized, the ligand is degraded by endosomal

Growth factor receptors as therapeutic targets
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proteinases, and the receptor is returned to the
membrane. One way to reduce IGF-I effects is to block
IGF-IR re-expression on the cell surface. Recent studies
suggested that IGF-IR trafficking could be substantially
blocked by the inhibition of IGF-I-degrading enzymes,
for example, cathepsin. The cathepsin inhibitors, E-64-
and CA074-methyl ester, reduced IGF-IR expression on
the cell surface and impaired several IGF-I-dependent
effects, including DNA synthesis, cell survival, ancho-
rage-independent growth, and synthesis of matrix

metalloproteinases in human breast cancer and murine
lung carcinoma cells (Brodt ez al., 2000; Navab et al.,
2001).

Antisense nacleotides, antisense RN 51RN ﬁ;iple helix

A variety of experiments employing antisense oligo-
deoxynucleotides (ODNG), antisensé RNA, and small
interfering RNA (sxRNA) demonstrated that IGF-IR-
dependent tumorigenicity can be decreased or elimi-
nated by blocking IGF-IR: mRNA, thus inhibiting JGF-
IR protein, synthe51s (Flgure 2a). Most of the reported
anti-IGF:IR’ ODNs" contained sequences complemen-
tary to the IGF-IR translation initiation site. The
assoc1at10n .these reagents with IGF-IR mRNA
produced hetéroduplex that was cleaved by RNase H.
Multlple studies documented that anti-IGF-IR ODNs
(regular ‘or phosphorotioate chemistry) at nanomolar-
concentrations decreased IGF-IR expression, reduced

. proliferation, and induced apoptos1s in various
iman and rodent cancer cell types in cells grown in
culture (Pietrzkowski et al., 1993; Resnicoff et al., 1994,
1995a, b; Muller et al., 1998; Coppola et al., 1999;
Macaulay et al., 2001; Pavelic et al., 2002; Bohula et al.,
2003). Furthermore, in some instances, treatment with
ODN:s induced massive apoptosis and tumor regression
in animal models (Resnicoff et al., 1995a, b). However,
the reduction of IGF-IR expression was often incom-
plete even with high concentrations (100-500nM) of
ODNs, possibly due to their poor association with
target sequences (Macaulay et al., 2001). Moreover,
interactions of anti-IGF-IR ODNs with IR synthesis
were reported (Bohula et al., 2003).

To address these problems, Bohula ez al. (2003) used
scanning oligonucleotide arrays to probe the secondary
structure of IGF-IR mRNA in order to identify target
sequences that are accessible for ODNSs, and do not
appear in IR mRNA. This strategy enabled selection of
specific ODNs that effectively and selectively down-
regulated IGF-IR in human cancer cell lines (Bohula
et al., 2003). Furthermore, the accessible sequences were
suitable targets for anti-IGF-IR siRNAs. Indeed, some
of the designed siRNAs were able to silence target IGF-
JR mRNA sequences. The effect was paralleled by
repression of IGF-IR synthesis and downregulation of
IGF-IR signaling (Bohula e¢ al., 2003).

In addition to ODNSs and siRNA, different antisense-

IGF-IR RNA vectors containing fragments of IGF-IR

c¢DNA cloned in 3'-5 orientation were generated to

Oncogene



NPG.ONC.BI04-REV

Growth factor receptors as therapeutic fargets
E Surmacz

[+}]

inhibit IGF-IR expression. The vectors (plasmids or
viruses) produced antisense RNA that hybridized with
complementary sequences in IGF-IR mRNA, blocking
IGF-IR synthesis. For instance, an antisense IGF-IR
RNA against the first 309 bases of IGF-IR mRNA,
delivered to cells by transfection or adenoviral infection,
reduced IGF-IR expression, IGF-I-dependent prolifera-
tion and survival in a number of human and rodent cell
models, including endometrial cancer (Nakamura et al.,
2000), Ewing’s sarcoma (Scotlandi et al., 2002), and rat

by antisense approaches was associated with the
induction of an immune host response leading to
elimination of untreated established tumors (Resnicoff
et al., 1994; Baserga, 1998;). This peculiar effect,
perhaps related to the induction of immune response
by the presence of apoptotic cells (Trojan e al., 2002),
was further explored in pilot studies involving patients
with astrocytomas treated with autologous glioma cells
exposed to anti-IGF-IR ODNs (Andrews et al., 2001).

glioblastoma (Resnicoff ef al., 1994). The expression of
this IGF-IR antisense efficiently inhibited tumorigeni-
city of cells grown as explants in experimental animals,
most probably by induction of massive apoptosis
(Resnicoff et al., 1994, 1995b; Scotlandi et al., 2002).
The same antisense construct inhibited metastasis of
murine lung carcinoma cells (Brodt et al, 2000).
Another antisense IGF-IR plasmid containing
~300bp DNA complementary to the region surround-
ing the IGF-IR translation initiation site was used to
inhibit IGF-IR expression and function in breast cancer
cells (Neuenschwander et al., 1995).

In human rhabdomyosarcoma cells, transfection of an
antisense IGF-IR plasmid containing sequences com-
plementary to the first 700bp of IGF-IR coding
sequence markedly reduced growth rates in monolayer
and soft agar and impaired tumor formation in
immunodeficient mice (Shapiro et al, 1994). This
antisense delivered to human lung cancer cells decreased
the expression of IGF-IR, inhibited growth in soft agar,
and prolonged the survival of animals bearing estab
lished xenografts (Lee et al., 1996). A similar plasmid

containing a 697 bp fragment exon 1-3 was effectiye in:

decreasing the growth and metastasis of breast Cance
cells (Chernicky et al., 2000) and rat prostate cancer cell

(Burfeind et al., 1996) & ;

In many cases, the induction of ce] deat Wi
antisense IGF-IR strategies was much more pronounoed
in vivo (animal models) than in vitro- monolayer tissue
culture or soft agar), suggesti that 7 in vivo tests may be
superior in screening for: anti-IGF- IR compounds

BB  (Resnicoff et al., 1995a,.b; Nakamura et al., 2000).
Ohgonucleotlde—dJrected triple. helix formatlon is an
approach to block transcnptlon of specific genes by
inhibiting the passage of RNA polymerase along target
DNA. The third effector strand (oligoribonucleotide)
contains oligopurine sequences potentially capable of
forming a triple helix with oligopurine and/or oligopyr-
imidine sequenced in target DNA. The triple helix
strategy has been reported to be effective in down-
regulation of IGF-IR. Specifically, a plasmid encoding
the homopurine RNA sequences designed to form a
triplex with a homopurine - homopyrimidine sequence
present 3’ to the termination codon of the IGF-IR gene
suppressed IGF-IR transcription in rat C6 glioblastoma
cells. The triple helix reagent induced dramatic reduc-
(OV\' tion of IGF-IR transcripts and IGF-IR expression and
inhibited tumor formation in nude mice (Rininsland
et al., 1997).

Interestingly, in the case of rat C6 glioblastoma and
some other cellular models, downregulation of IGF-IR

Oncogene

Dominant-negative mutants and mini-receptors

sizes and substitutions of critical résidues were delivered
(by transfection or infection) to IGF- I-sensmve cells to
test their dominant-negative potential agamst wﬂd—type
receptors (Figure 2e). Different’ mutations in the
tyrosine kinase domain, (A'I'R binding site, Tyr 1131,
1135, 1136) were reporfed to reduce IGF- -IR-dependent
proliferation in monolayer In‘addition, mutations in the
C-terminus, espec1a]1y “Tyt:1250/1251 inhibited ancho-
rage-mdepe' dent “growth or foci formation, but had
only limi effects on cell proliferation (Burgaud et al.,
1995 Blakesley et al., 1996; Kalebic et al., 1998; Brodt
et al., 2001; Seely et al., 2002). In some expenmental
models the mutations in the tyrosine kinase domain and
in: Tyr 1250/1251 reduced tumor development in animals
(Blakesley et al., 1996; Seely et al., 2002), while in other
tud1es ‘these mutations did not exhibit a dominant-
negative effect in vivo (Burgaud et al., 1995).
! More consistent antitumorigenic cffects in vivo were
obtained with IGF-IR mutants containing large trunca-
tions. Two mutants encoding only alpha subunits (468/
STOP and 482/STOP) reduced tumor growth in animals
and produced extensive apoptosis in vivo. In addition,
the mutants exhibited a bystander effect against the
neighboring wild-type cells (D’Ambrosio et al., 1996;
Reiss et al., 1998; Adachi et al., 2002; Lee et al., 2003).
Furthermore, 468/STOP inhibited experimental metas-
tasis (Dunn et al., 1998). The mechanism -of action of
these STOP mutants is not fully understood. On the one
hand, they are secreted proteins that are able to bind
ligands reducing their bioavailability (D’ Ambrosio ez al.,
1996; Lee et al., 2003). On the other hand, 468/STOP
has been found in the cytoplasm of the producing cells
and reported to inhibit endogenous IGF-IR synthesis
(Reiss et al., 2001b). Other two truncated receptors 950/
STOP and 952/STOP that lack most of the beta subunit
(including the IGF-IR tyrosine kinase) inhibited tumor
growth in animals and IGF-IR signaling in vitro (Prager
et al., 1994; Lee et al., 2003). These receptors most likely
block IGF-IR activity by dimerization with endogenous
wild-type receptors.

An innovative approach to reduce IGF-IR-dependent
survival involved mini-receptors expressing C-terminal
domains (Figure 2f). Since deletion of the entire C-
terminus enhanced survival, overexpression of this
domain was expected to increase apoptosis. Indeed,
mini-receptors containing the last 108 aa of IGF-IR

oA
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(CF) spliced to the myristylation signal (MyCF) to
ensure cell membrane association induced apoptosis in
many cell types, sensitized cells to UV irradiation, and
abrogated tumorigenesis in nude mice. Furthermore,
mutations of MyCF at residues that were previously
found to silence proapoptotic activity of the C-terminus
reduced its antitumor potential (Hongo e? al., 1998; Liu
et al., 1998).

Growth factor receptors as therapeutic targets
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IR compounds in combination with other therapies can
be envisioned. In addition, cells refractory to other
treatments (e.g. anti-HER2 drugs) may present IGF-1
sensitivity, thus addition of anti-IGF-IR therapy may
improve current antigrowth factor receptor approaches
(Lu et al., 2001).

Perspectives for anti-IGF-IR pharmaceuticals

OV~

()10

Downregulation of IGF-IR ligands

Since high levels of IGF-IR ligands have been impli-
cated in the etiology of many neoplastic diseases,
strategies to reduce ligand availability have been
developed as possible therapeutics (Figure 2g). The
strategies to downregulate ligand expression or avail-
ability included the use of ribosymes, RNA enzymes
that specifically cleave target RNAs (Guo et al., 2003),
triple helix, and antisense RNA (Trojan et al., 2002),
and overexpression of IGF-I binding proteins (Yee,
2002).

Combined strategies

The downregulation of IGF-IR has been shown to
increase sensitivity to different conventional antitumor
treatments (Baserga, 1998). Thus, the use of anti-IGF-

References

Adachi Y, Lee CT, Coffee K, Yamagata N, Obm JE, Park
K1, Dikov MM, Nadaf SR, Arteaga CL and Carbo  DP.
(2002). Gastroenterology, 123, 1191-1204.

Arteaga CL. (2003). Exp. C 284, .122-130.

Arteaga CL, Kitten LJ, Coronado EB; Jacobs S, Kuil Jr FC,
Allred DC and Osborne CK::. (1989) J. Clin. Invest., 84,
1418-1423.

Bartucci M, Morelli C, Mauro L, Ando’ S and Surmacz E.
(2001). Cancer Res., 61, 6747-6754.

Baserga R. (1994). Cell, 79, 927-930.

Baserga R. (1995). Cancer Res., 55, 249-252.

Baserga R. (1996). Trends Biotechnol., 14, 150-152.

Baserga R. (1997). Exp. Cell Res., 236, 1-3.

Baserga R. (1998). Hormones and Growth Factors in Develop-
ment and Neoplasia Dickson R, Salomon DS (eds). Wiley-
Liss: New York, pp. 269-287.

Blakesley VA, Kalebic T, Helman LJ, Stannard B, Faria TN,
Roberts Jr CT and LeRoith D. (1996). Endocrinology, 137,
410-417.

Blum G, Gazt A and Levitzki A. (2000). Biochemistry, 39,
15705-15712.

Bohula EA, Salisbury AJ, Sohail M, Playford MP, Riedemann
J, Southern EM and Macaulay VM. (2003). J Biol. Chem.

21815991~ 15997

IGF-IR is a promising target in cancer therapy because:
(1) IGF-IR expression is easily measurable by conven-
tional techniques; (2) tumor cells may be more sensitive
to targeting IGF-IR than normal cells; and (3) IGF-IR
is often reqmred for the tumorige ‘c’effects of other
oncogenic agents. Thus targeting IGF-IR can be
combined with other therapies. Unlike with HER2 and
EGFR, the development of anti-IGF- IR pharmaceuti-
cals is still in early discovery phases. Similar to HER2
and EGFR, however, the miost nced strategies are
those involving small inhibitors of the IGF-IR tyrosine
kinase and antl-IGF IR antibodies. Other approaches,
such as 51RNA, \tISCIlSC ‘and tr1p1e helix strategies are
also prom]smg but'they will require optimization of
y ivo and efficient and safe delivery systems.

Acknowledgemems
I‘h;s ‘work was supported by DOD Breast Cancer Research
Program DAMD-17-99-1-9407.

razil DP, Park J and Hemmings BA.. (2002). Cell, 111, 293—

303.

Brodt P, Fallavollita L, Khatib AM, Samani AA and Zhang
D. (2001). J Biol. Chem., 276, 33608-33615.

Brodt P, Samani A and Navab R. (2000). Biochem. Pharma-
col, 60, 1101-1107.

Burfeind P, Chernicky CL, Rininsland F and Ilan J. (1996).
Proc. Natl Acad. Sci USA, 93, 7263-7268.

Burgaud JL, Resnicoff M and Baserga R. (1995). Biochem.
Biophys. Res. Commun., 214, 475-481.

Butler AA, Blakesley VA, Poulaki V, Tsokos M, Wood TL
and LeRoith D. (1998). Cancer Res., 58, 3021-3027.

Chernicky CL, Yi L, Tan H, Gan SU and Ilan J. (2000).
Cancer Gene Ther., 7, 384-395.

Coppola D, Saunders B, Fu L, Mao W and Nicosia SV.
(1999). Cancer Res., 59, 3264-3270.

D’Ambrosio C, Ferber A, Resnicoff M and Baserga R. (1996).
Cancer Res., 56, 4013-4020.

De Leon DD, Wilson DM, Powers M and Rosenfeld RG.
(1992). Growth Factors, 6, 327-336.

De Meyts P and Whittaker J. (2002). Nat. Rev. Drug Discov.,
1, 769-783.

Djavan B, Waldert M, Seitz C and Marberger M. (2001).
World J. Urol., 19, 225-233.

Doerr M and Jones J. (1996). J. Biol. Chem., 271, 2443-2447.

Druckmann R and Rohr UD. (2002). Maturitas, 41 (Suppl. 1),
S65-S83.

Druker BJ. (2002). Eur. J. Cancer, 38 (Suppl. 5), S70-S76.

Dunn SE, Ehrlich M, Sharp NJH, Reiss K, Solomon G,

Hawkins R, Baserga R and Barrett JC. (1998). Cancer Res.,

58, 3353-3361.

Oncogene




NPG.ONCBI04-REV

Growth factor receptors as therapeutic fargets
E Sumacz

o]

Dunn SE, Kari FW, French J, Leininger JR, Travlos G,
Wilson R and Barrett JC. (1997). Cancer Res., 57,
4667-4672.

Dunn SE, Torres IV, Oh JS, Cykert DM and Barrett JC.
(2001). Cancer Res., 61, 1367-1374.

Favelyukis S, Till JH, Hubbard SR and Miller WT. (2001).
Nat. Struct. Biol., 8, 1058-1063.

Fry DW. (2003). Exp. Cell Res., 284, 131-139.

Giovannucci E. (2001). J. Nutr,, 131 (Suppl), 31095-3120S.

Guo N, Ye JJ, Liang SJ, Mineo R, Li SL, Giannini S, Plymate

Horm. IGF Res., 13, 44-53.

Guvakova M and Surmacz E. (1999). Exp. Cell Res., 251,
244-255.

Hailey J, Maxwell E, Koukouras K, Bishop WR, Pachter JA
and Wang Y. (2002). Mol Cancer Ther., 1, 1349-1353.

Harries M and Smith 1. (2002). Endocr. Relat. Cancer, 9, 75
-85.

Hernandez-Boluda JC and Cervantes F. (2002). Drugs Today,
38, 601-613.

Hill MM and Hemmings BA. (2002). Pharmacol. Ther., 93,
243-251.

Holbro T, Civenni G and Hynes NE. (2003). Exp. Cell Res.,
284, 99-110.

Hongo A, D’Ambrosio C, Miura M, Morrione A and Baserga
R. (1996). Oncogene, 12, 1231-1238.

Jacobs S, Cook S, Svoboda ME and Van Wyk JJ. (1986).
Endocrinology, 118, 223-226.

Kalebic T, Blakesley V, Slade C, Plasschaert S, LeRoith D and
Helman LJ. (1998). Int. J. Cancer, 76, 223-227.

Kalebic T, Tsokos M and Helman LJ. (1994). Cancer Res., 54,
5531-5534.

Kaleko M, Rutter WJ and Miller AD. (1990). Mol. Cell. Biol.,
10, 464-473.

Kato H, Faria TN, Stannard B, Roberts Jr CT and LeRoit
D. (1993). J. Biol. Chem., 268, 2655-2661.

Korc M. (1998). Surg. Oncol. Clin. N. Am., 7, 25-41.

Lee CT, Park KH, Adachi Y, Seol JY, Yoo CG, Kim
Han SK, Shim YS, Coffee K, Dikov MM and Carbon

I (2003). Cancer Gene Ther., 10, 57-63. &

] Lee CT, Wu S, Gabrilovich D, Chen H, Nadaf-Ral

Ciernik IF and Carbone DP. (1996). Cance y 56 3038—

>~ 3041 ’

\, Levitzki A. (2002). Eur. J. Cancer, 38 (Su ' 5)s Sll—SS
« Li SL, Kato J, Paz IB, Kasuya T and, -Fujita-Yamaguchi Y.
. (1993) Biochem. Biophys: Res. Commun. 196, 92-98.

5 Li SL, Liang SJ, Guo N, Wi AM and Fujita-Yamaguchi Y.

\b‘ﬁi’_g
(o

| Jumel
or- R aand
g 11-

go A
Ol Comm

(2000). Cancer Immunol. Fmunother., 49, 243-252.

Liu Y, Lehar S, Corvi C, Payne' G and O’Connor R. (1998).
Cancer Res., 58, 570-576. )

Long L., Navab R and Brodt P. (1998). Cancer Res., 58, 3243~
3247.

LuY, Zi X, Zhao Y, Mascarenhas D and Pollak M. (2001). J.
Natl. Cancer Inst., 93, 1852-1857.

Macaulay VM, Salisbury AJ, Bohula EA, Playford MP,
Smorodinsky NI and Shiloh Y. (2001). Oncogene, 20,
4029-4040.

Mauro L, Salerno M, Morelli C, Boterberg T, Bracke ME and
Surmacz E. (2003). J. Cell. Physiol., 194, 108-116.

Mauro L, Sisci D, Salerno M, Kim J, Tam T, Guvakova M,
Ando S and Surmacz E. (1999). Exp. Cell Res., 252, 439—
448.

Mendelsohn J and Baselga J. (2000). Oncogene, 19,
6550-6565.

Mira E, Manes S, Lacalle RA, Marques G and Martinez-AC.
(1999). Endocrinology, 140, 1657-1664.

A . Hom

0k

Oncogene

SR, _Sikes RA and Fujita-Yamaguchi Y. (2003). Growth _

Muller M, Dietel M, Turzynski A and Wiechen K. (1998). Int.
J. Cancer, 17, 567-571.

Nakamura K, Hongo A, Kodama J, Miyagi Y, Yoshinouchi
M and Kude T. (2000). Cancer Res., 60, 760-765.

Navab R, Chevet E, Authier F, Di Guglielmo GM, Bergeron
JJ and Brodt P. (2001). J. Biol. Chem., 276, 13644-13649.
Neuenschwander S, Roberts Jr CT and LeRoith D. (1995).

Endocrinology, 136, 4298-4303.
Nicholson KM and Anderson N. (2002). Cell Signal., 14, 381-
395.

Vol. 62. Springer-Verlag: Berlin, pp. 138-166.

O’Connor R, Fennelly C and Krause D. (2000). Biochem. Soc.
Trans., 28, 47-51.

O’Connor R, Kauffmann-Zeh A, Liu Y, Lehar S, Evan GI,
Baserga R and Blattler WA. (1997). Mo Il Biol, 17,
427-435.

Pautsch A, Zoephel A, Ahorn H, Spévak W, Hauptmann R
and Nar H. (2001). Structure, 9, 955—965

Pavelic J, Pavelic L, Karadza J, ananacS Unesch Spaventi
S and Pavelic K. (2002). Mol Med,, '8, 149-157.

Peruzzi F, Prisco M, Dews Salomoni P, Grassilli E,
Romano G, Calabre ‘and.Baserga R. (1999). Mol. Cell
Biol., 19, 7203-7213.

Pletrzkowskl Z, Lammers R Carpenter G, Soderquist AM,
Limardo M, Phﬂhps PD, Ullrich A and Baserga R. (1992a).
Cell Growth Dzﬂ'er '3,199-205.

Pletrzkowskl Z: Mulholland G, Gomella L, Jameson BA,
Wermcke D: and Baserga R. (1993). Cancer Res., 53,

, Wernicke D, Porcu P, Jameson BA and
;‘Baserga R. (1992b). Cancer Res 52, 6447-6451.
llak M. (2000). Eur. J. Cancer, 36 1224-1228.

ger D, Li HL, Asa S and Melmed S. (1994). Proc. Natl.

cad. Sci. USA, 91, 2181-2185.

iss K, D’Ambrosio C, Tu X, Tu C and Baserga R. (1998).

"Clin. Cancer Res., 4, 2647-2655.

Reiss K, Wang JY, Romano G, Tu X, Peruzzi F and Baserga
R. (2001a). Oncogene, 20, 490-500.

Reiss K, Tu X, Romano G, Peruzzi F, Wang JY and Baserga
R. (2001b). Clin. Cancer Res., T, 2134-2144.

Resnicoff M, Abraham D, Yutanawiboonchai W, Rotman
HL, Kajstura J, Rubin R, Zoltick P and Baserga R. (1995b).
Cancer Res., 55, 2463-2469.

Resnicoff M, Burgaud JL, Rotman HL, Abraham D and
Baserga R. (1995a). Cancer Res., 55, 3739-3741.

Resnicoff M, Sell C, Rubini M, Coppola D, Ambrose D,
Baserga R and Rubin R. (1994). Cancer Res., 54, 2218-2222.

Rininsland F, Johnson TR, Chernicky CL, Schulze FE,
Burfeind P and Han J. (1997). Proc. Natl. Acad. Sci USA,
94, 5854-5859.

Romano G, Frisco M, Zanocco-Marani T, Peruzzi F,
Valentinis B and Baserga R. (1999). J. Cell. Biochem., 72,

" 294-310.

Sachdev D, Li SL, Hartell JS, Fujita-Yamaguchi Y, Miller JS
and Yee D. (2003). Cancer Res., 63, 627-635.

Sachdev D and Yee D. (2001). Endocr. Relat. Cancer, 8, 197-
209.

Scharf JG, Dombrowski F and Ramadori G. (2001). Mol
Pathol., 54, 138-144.

Scotlandi K, Avnet S, Benini S, Manara MC, Serra M,
Cerisano V, Perdichizzi S, Lollini PL, De Giovanni C,
Landuzzi L and Picci P. (2002). Int. J. Cancer, 101, 11-16.

Scotlandi K, Benini S, Nanni P, Lollini PL, Nicoletti G,
Landuzzi L, Serra M, Manara MC, Picci P and Baldini N.
(1998). Cancer Res., 58, 4127-4131.




NPGONCBI04-REV

Seely BL, Samimi G and Webster NIJ. (2002). BMC Cancer, 2,
15-25.

Shapiro DN, Jones BG, Shapiro LH, Dias P and Houghton
PJ. (1994). J. Clin. Invest., 94, 1235-1242.

Shaw LM. (2001). Mol. Cell. Biol., 21, 5082-5093.

Shawver LK, Slamon D and Ullrich A. (2002). Cancer Cell, 1,
117-123.

Shepherd PR, Withers D and Siddle K. (1998). Biochem. J.,
1333, 471-490.

Surmacz E. (2000). J. Mammary Gland Biol. Neopl., 5, 95-105.

Surmacz E, Sell C, Swantek J, Kato H, Roberts Jr. CT,

E Surmacz

Growth factor receptors as therapeutic targets @
9

Ullrich A, Gray A, Tarn AW, Yang-Feng T, Tsubokawa M,
Collins C, Henzel W, Le Bon T, Kathuria S,z Chen E.
29 (1986). EMBO J., 5, 2503-2512. [ Q13

Vuori K and Ruoslahti E. (1994). Science, 266, 1576-1576.

White MF. (1998). Mol. Cell. Biochem., 182, 3-11.

White MF. (2002). Am. J. Physiol. Endocrinol. Metab., 283,
E413-422.

Yee D. (2002). Semin. Oncol., 29 (Suppl 11), 86-95.

Zhang D and Brodt P. (2003). Oncogene, 22, 974-982.

Zia F, Jacobs S, Kull Jr F, Cuttitta F, Muishine JL
and Moody TW. (1996). J. Cell. Biochem. Suppl., 24,

LeRoith D and Baserga R. (1995). Exp. Cell Res., 218, 370
380.

Trojan LA, Kopinski P, Wei MX, Ly A, Glogowska A,
Czarny J, Shevelev A, Przewlocki R, Henin D and Trojan J.
(2002). Acta Biochim. Pol., 49, 979-990.

269-275.
Zong CS, Chan J, Levy DE, Horvath C, Sadowski HB and
Wang LH. (2000). J. Biol Chem., 275, 15099-15105.
Zong CS, Zeng L, Jiang Y, Sadowski HB .and Wang LH.
(1998). J. Biol Chem., 273, 28065-

Oncogene



